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1.0 INTRODUCTION

The development of simulation programs as a means of testing electromagnetic
devices is on the increase in an effort to defray the cost of developing and testing
prototype equipment or conducting physical experimentation with existing apparatus.
These programs must simulate complex electromagnetic scattering and propagation
phenomenon occurring within the natural environment that the majority of these
systems must operate in or near. At present, little experimental or theoretical data is
available describing the electromagnetic scattering characteristics of natural
environments or foliage. Various analytical methods have been derived for the
theoretical representation of multiple scattering and absorption events expected to occur
within a foliage medium. In many instances, however, application of these processes in a
computer simulation are impractical-due to their complexity. In order to remain within
the pra.c.tical limits of available computer resources and yet retain the computational
accuracy of the model, various assumptions are usually introduced during the
development of a model involving electromagnetic scattering. One common
simplification involves the representation of natural terrain growth or foliage as a
perfectly conducting dielectric slab with some arbitrary thickness equivalent to the mean
height of the vegetation. The difficulty associated with this methodology stems from the
determination of effective parameters (i.e. dielectric constants or permittivity) that are
used to represent the dielectric properties of the homogeneous slab representing the

randomly distributed heterogeneous medium that a forest environment actually presents.

In this report, the output of a model that calculates the effective dielectric constants
that influence the scattering and absorption of electromagnetic radiation by dense foliage
is presented. The reported effective dielectric constants can be used to represent forest
environments as a homogeneous dielectric slab in electromagnetic scattering models.
Four dielectric mixing models that are be used to determine the effective dielectric
constants of heterogeneous random media are briefly developed in section 2; the Average
T-Matrix Approximation (ATA), Coherent Potential Approximation (CPA), Effective
Medium Approximation (EMA) and a version of the Claussius-Mossotti formula. The

Average T-Matrix Approximation represents the field at an individual scattering center




in terms of an equivalent field produced by the other scatterers but includes no provision
for multiple interaction processes between scatterers. The version of the Claussius-
Mossotti formula discussed is similar to the ATA and also contains no provision for
multiple inter-particle interactions. The Coherent Potential Approximation, which
neglects the difference between the external excitation field and the average field does
account for the interaction processes between particles, as does the Effective Medium
Approximation. A format of the Coherent Potential Approximation is described that
uses a recursive technique creating a version of the formula known as the Self-Consistent
Approximation. Application of the effective dielectric constants of the foliage
environments to determine the affect on the magnitude and phase of an electric field
caused by propagation through vegetation is also presented. General limitations
concerning the use of the effective parameters based on the wavelength and maximum

allowable scatterer dimension, within the scattering medium, is also discussed.

Section 3 contains a discussion of the various methods used to determine the dielectric
constants of the components that comprise a forest environment. The dielectric
constants of hard and softwood trees as well as broad leaves and needles were
determined for a variety of conditions and are given in the form of tables or graphs.
The dielectric constants of the forest components were estimated using models that
calculate these values as a function of the physical characteristics of the components (i.e.
moisture content, salinity, etc.) and the environmental conditions (i.e. temperature,
wood grain orientation, etc.). Reports that present exper'mental measurements of the
dielectric constants of living wood and leaves were found to be scarce. It was the lack of
experimental data that was the main reason for choosing to use models to determine the
dielectric values rather than using experimental values reported in the literature. When
experimental values of the dielectric constants of foliage for similar conditions to those
used in this report were available, they were used as a comparison to the models output
to ensure reasonable agreement. From examination of the dielectric constants of various
natural foliage materials it was found that these values are difficult to predict due to the
changes that can be expected in climate, weather, and growth patterns. Dielectric
constants used in this study reflect values determined for specific conditions with the
intent of showing possible trends that can be expected in the foliage medium as certain

conditions change and are not professed to be absolute. The intention is to determine




the effective dielectric constants of vegetation environments using extreme values for the
vegetation components and to allow the reader to extract values that apply to a

particular situation of interest.

Section 4 contains the output of the dielectric mixing model. Calculations were done
for incident radiation frequencies from 50MHz to 3.2GHz and for foliage densities having
volume fractions ranging from 0.01% to 5.00%. Initial model output is given as a plot of
the effective dielectric constant versus the volume fraction of one of the embedded
scatterers. Points were then taken from these plots and used to create plots that depict
the effective dielectric constant versus the frequency of the incident radiation. A variety
of these plots were created to demonstrate the influences of season, wood grain
orientation to the electric field polarization, and whether the forest is comprised of hard
or softwood tree types on the effective complex dielectric constants of the medium.
Effects of forest density were demonstrated by creating two sets of plots; one set for
sparse végeta.tion where the volume fraction ranges from 0.01% to 1.00%, and another

for dense foliage where the volume fraction falls between 1.00% and 5.00%.

2.0 EFFECTIVE PARAMETERS FOR A HETEROGENEOUS MEDIUM

Various analytical techniques have been developed in an attempt to determine
effective parameter values to describe heterogeneous media composed of a host medium
and various embedded scatterers [Van Beek 1967), [Tinga 1973], [Brown 1982],
[Blankenship 1989]. Use of effective parameter values would allow a heterogeneous
medium to be treated as a homogeneous medium when applied in a modeling program.
The calculations presented in this report represent an extension of the work of
(Blankenship 1989] and ([Brown 80] and [Fung 78]) which derive effective parameter

approximation equations and dielectric properties of forest components, respectively.

2.1 Basic Theory of the Transition Matrix

In this section the transition matrix (T-matrix) formalism is used to describe multiple




scattering events that occur in a medium comprised of two or more different types of
dielectric scatterers arranged in a random geometric configuration in a surrounding
"host” medium. Modeling of scattering from a medium containing two or more types of
randomly oriented scatterers in a host medium is most easily accomplished by defining
approximations for the effective dielectric constant. This approach will result in a
variety of approximations for effective scattering representation for the heterogeneous

medium of interest.

We are given a region, or scattering medium, O comprised of a homogeneous medium
(free-space) with dielectric constant ¢, that contains m different embedded scatterers
with dielectric constants €,...,6m. Defining V5, i = 1,..m, j = 1,2,...Nj, as the subset of
O occupied by embedded scatterers j of class i, the dielectric properties of the composite

medium occupying O are defined by {Blankenship 1988],

m N;
) = g + (e Txg®) (1)
=1 j=1
where,
lfor x € Vy;
x"ij(x)= { Ofor x ¢ V,-Jj ’ (2)

Assume that §; is defined to be a dimensionless parameter describing a particular aspect
of the elementary scatterers in class i, such as the radius of spherical scatterers; and p; is
the total volume fraction of O occupied by scatterers of class i = 1,...,m. Given a field
incident on the region O, the objective is to characterize the scattering properties of the
composite medium for the limit N; - oo, §; - 0, where p;» i = l,..,m is a constant.
Although various methods are available for determination of these approximations
(Brown 1982], [Brown 1980], [Pounds 1963] to name a few, the more recent work of
(Blankenship 1988], [Lang 1981] and [Kohler and Papanicolaou 1981], that extend the
earlier work of [M. Lax 1951,1952], are used as the basis for this report.




2.2 The Transition Operator Nomenclature

The transition operator convention is used as a basis to derive various approximations
to solve for effective dielectric constant of a composite medium. Maxwell’s equations

may be applied to describe the conditions of interest and may be expressed as,

N;

Vo(eB)+ B (e V- (xgE) =0 3

and,

VxE=0 ,

with the boundary condition,

(EmE as Nooo (4)
where (-) is the expectation value and E is the constant external field. The relationship,

D(x) = ¢(x)E(x) (5)
and the condition,

(D) =¢E . (6)
define the effective dielectric constant for a composite material.

Equation 3 may be expressed in abstract form,

(Le+ M)E=0 VxE=0 |, (7N
where,
Lo=V:(¢p+) s (8a)
N{
M=M1+...+Mm 3 M.~= V,J (Sb)
j=1
and, !




Vij= (ci' Co)'V(qu(')) ’
The integral form of Eq. (3) can be written,
E+L;!ME=F ,
where F is chosen so that,
LF=0 , (E)=F
The transition operator is defined as,
Li'M = (Lg+ M - M)"'M
=((Lo+ M)(I - (Lo + M)™'M)™'M
=T(I-T)"'
where T = (Lo + M)™'M. Therefore, Eq. (9) can be expressed,
I+TA-T)HE=F ,
or,
E=(I-T)F
For the conditions assumed in Eq. (10),
F=(-(T)"E ,

and,

E=(-T)I-(T)'E

(8¢)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

From the definition of the effective dielectric constant, Eqs. (5 and 6), and Eq. (15). it is

possible to write,

eE = ((e) . (eT))(I . (T))"‘E ,

(16)




defining the effective dielectric constant in terms of the transition operator.

Knowledge of T is used to characterize the scattering properties of the composite
medium. The operator T is related to the scattering magnitude of the individual
scatterers and to their interactions. For single dipole scatterers, T can be determined
from the polarizability of the element; therefore, T is defined in terms of physical
properties. A more in depth analysis of the determination of Egs. (15 and 16), an
extension of the original work presented by [Kohler and Papanicolaou 1981], is presented

in [Blankenship 1988).

To examine the conditions where there are multiple scatterers constituting a medium,

the initial work would begin with Eq. (9) expressed as follows,
E+ LMy, +... +Mp)E=F , an

which may be expanded as follows,

E=F-T\,E -TE;-...-TpEpm (18)
where,

Ly'M; = T;(1-T)™' (19a)

T; = (Lo + My)™'M; (19b)

E;=(0-T)'E . (19¢)

Knowing that E; - T;E; = E, it is possible to write,

E‘- + f: TkEk —4 F . (20)
k£

The expressions in Eqs. (18-20) describe the field in terms of the transition matrix and

electric fields associated with i classes of scatterers comprising a composite medium.

The general expression for the effective dielectric constant of a composite medium

with m>2 types of embedded scatterers is expressed [Blankenship 1988] as,




-1
e~ ((f) - ii(f(l + T,-,-)"‘T,-))(l DM (E: Ts:‘)"Ta)) , (21)
1=1244 =12
where,
(2 (1-p)eo+pe - (22)

2.2.1 The Average T-Matrix Approximation

Consider the application of Eq. (21) to the case where a composite medium has one
class of embedded scatterers, (i.e. m = 1). Assuming the embedded scatterers are
uniformly distributed in the host medium and that they are considered infinitely small
particles (M; —oo, 6,—0, and p, is constant), the effective dielectric constant ¢* can be

determined by application of Eq. (21),

o= (- Fen)- gm) @

This expression is known as the Average T-matrix Approximation (ATA) as derived by
[Lax 1951, 1973], [Kohler and Papanicolaou 1981]. For typical conditions (T,), and
(€T;) can diverge [Batchelor 1974] so the ATA must be used with caution.

Equation (23) can be evaluated for the limit as the size of the particulate scatterers
approach zero. Assuming a spherical shape for the embedded scatterers, the volume
fraction of each could be expressed,

p, = §mbdc, (24)
where §; is the radius of the scatterers and c, is the average number of scattering centers

per unit volume. This leads to the approximation,

€ - €
e*(€oi€10p,) = g -¢
1+ p1(2€o+ cl)

(25)




Using the Claussius-Mossotti Formula,

e*(€oi€1ap,) = €02 (26)

where,

.1 _ p(k-1)
o Rl g S (27)

and k = ¢;/¢,. For very low volume fractions ¢*(¢g;€;,p,) is well approximated by,

€1-€9

2
€ - €
e*(coi€rp;) = €o (1 + 35, (72 ) + 3355 ) , (28)

The average T-Matrix approximation is considered a good approximation of the
effective dielectric constant for volume fractions < 0.01, and can not be used with any
conﬁdem—:e for conditions much above this threshold. The approximation also fail to
account for the interparticle scattering interactions. A more refined technique for
determining the effective dielectric constant has been developed [Lax 1951, 1952, 1973],
[Elliot et al 1974] that will be examined in the following section.

2.2.2 The Coherent Potential Approximation

Another approximation method devised to estimate the effective dielectric constant of
a heterogeneous random medium is the coherent potential approximation (CPA). The
basis of this technique involves neglecting the difference between the field exciting the
medium and the average field. With ¢, selected as a reference dielectric constant, it is

possible to write Maxwell’s equations as,

m_Ni m N
V(:E)+) Y Vel(ereo)xi Bl +) Z(fﬁ-)vg =0 (29)

i=1j=1 =1 j=1
and,

VxE =0




Equation (29) can be expressed abstractly as,

(Ly+ MDE=0 |, (30)

where notation similar to that used in Eqs. (19a-c) is applied, and may be written,

L, = V(&) , (31a)
m Ni
M=3S> vy o, (31b)
t=1j=1
and,
Vii= V(e eo)x,.,.-)+(‘;°,‘1§:)v- . (31c)

Using the same methodology as that used in the derivation of Eq. (21) the effective

dielectric constant may be expressed,

e (-8 S £ S (32)
where, .
T = (L + Vi) Vi . (33)

. The coherent potential approximation is based on choosing ¢, to optimize the
approximation shown in Eq. (32). As derived by [Kohler and Papanicolaou 1981} the
optimization of Eq. (32) is obtained by evaluating T{; in the form of,

wi(x) = (Ti; g)(x) (34)
where g(x) is a continuous function, so that Eq. (29) may be expressed as,
. . -€, ..
V-leewt] + V-((ereodxgwd + (ZREW

= V'[(‘i’fo)xu‘jg + (%(:-wcf)g] ’ (35)
where,

10




Vxwii=0.
By further establishing,
N~ [er + I31N-‘(c,-<50)] ~ ¢, forlarge N; , (36)
and wii = w}’ + w}’ where,

Ve(erM W) + Vel(ereodx gl = V-l(ere)x, 8l (37)

and,

V'( r N

w)) + Vellereox,wi'l = (255)ve (38)

with,
wal —wa =0

Assuming {y; J} is the location of the center of the individual scattering elements and

knowing that §; is sma.ll it is possible to substitute g(yu) in Egs. (37 and 38).

&ij
The solution for wl  and w2 as given by [Kohler 81] can then be written as,

ij €o0-€; (x-¥:7)
o= S itz o
i
5 € 'f'-
Wll(x) ~. E—:TET:—C-(; gl']' s for I X - y”' < 6 ) (40)
and,
ij €g-€r X - . i
w00 = g, Ve[ Uy £ vl &
where,

ij €o-€ (60 C,-) 3 gi) (X y:J)
ws (x) = se,4¢, ¢ e,mN, 8V (————l <[ , for|x- yul > 6 ,(42)
ij
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ij €o-€; (€g-€r
wy'(x) = 361"?‘6:-60 E,(x)nNggiJ' »  for|x- y'Jl <& (43)

r.N .
where, ¢, ~¢, when N; is large.

Combining terms it is possible to write,

N:
L mr -€r) ( )-g(y)
Z(Tie)) = Ty Ve eyl

N; (x -

eo-c. 3 3 S,J( y.J)

© Setee m xmm(Tx—.m—
82

Ny L.
T >:qu + i) (44)

T

The w;j(x) term in Eq. (44) is given by Eqs. (42 and 43) where its solution is seen to be
O(N'l) on average when N — co [Kohler 81]. Taking the expectation and choosing ¢,

such that,
m :
(& BT ) =0 (45)
will provide an optimal approximation to e*.
This is the Coherent potential approximation, and demands that,
€g€r __ €g-€;
§€,- Z=: Pi 3¢ rteé;-€q ’ (46)

where p, is the average number of scattering centers, of each class i, per unit volume,
and can be defined for spherical scatterers as, p; = a/3nélc;, where c, is defined as the

average number of scatterers centers per unit volume.

Choosing ¢, constrained by the above conditions, the effective dielectric constant can

be approximated using the coherent potential approximation by evaluating Eq. (32),

12




et (o) -l

€0~€
(‘gp.e, e fe -60) ) (

i3

pieiserrenes) (47)

where,
m
pP=2p, - (48)

When the heterogeneous medium is composed of one class of embedded scatterer
(m=1) in the host medium, and the embedded scatterers are considered infinitely small
particles that are uniformly distributed throughout the host medium, the coherent

potential approximation may be obtained for Eq. (47),

€,-€ (e-€0)2(3+13€ g€ -5€2 )
€*(egie,p )~ € (143p | L2 3 Lrto 1 grre . 49
( 0:¢1 pl) 0 ( + p1(2€0+€1) + P1 €0(€1+2€0)3 ( )
2.2.3 The Effective Medium Approximation
The results obtained from the Coherent Potential Approximation in Eqs. (47 and 49)

can be contrasted with the result obtained from the effective medium theory (EMA)

developed by [Elliot et al 1974] which results in the following expression,

€%
2e'+2 (1-p) + Z pt(2€'+€ ) =0 . (50)

For the same conditions outlined in the solution of Eq. (49), €* must satisfy,

€*-€g €€ | _
m(l-ﬁ) + Pl(m) =0 , (81)

or that e‘(eo;el,pl) is the positive solution of,
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2(e*)® + ( (e1-2€0) + 3(ep-€y)p, )C' -6 =0 (52)

which leads to the effective medium approximation for one embedded scatterer (m=1) in

a host medium,

2
(e - ~ €1-€p 2f €1-€o €
e*(€os€15P,) > €0 (1+3p1(2co+el) + 9p1(2€o+€1) (el+lzco)) ’ (53)

2.2.4 The Self-Consistent Approximation

The most accurate estimation of the effective dielectric constant of a composite
medium is obtained by using a recursive technique, whnere ¢* is used as the reference
medium in the Coherent Potential Approx ' mation. This technique is known as the Self-

Consistent Approximation and may be written for the general case as,

L €9 €
(C) + iglpifi(3€t+€i_eo)

L €0 -¢;
1 + gpi(3€t+€i_€0)

€& =

(54)

For the specific conditions outlined in the derivations of Eqs. (49 and 53) the self-

consistent approximation may be expressed as,

€o-€
o) + plcl(35'(50;51,1’1)4‘51"0)
€*(€gi€1sp,)
€n -€.:
1+ pl( 0% )

(55)

3e*(egi€rsn ) Fer-€o

Therefore, €*(¢y;€y,p,) for the self-consistent approximation is the positive solution to,

3(e*)® + ( (e1-4€0) + 4(€g-€1)p, )" - €g(€-€0)(1-p)) =0 . (56)
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2.3 Heterogeneous Media With M Classes of Embedded Scatterers

The derivation of the effective dielectric constants above are valid for a composite
medium in which the particles ¢; are uniformly mixed into tk. Lackground medium ¢,.
The use of effective parameter approximations will substitute the heterogeneous mixture

with e*(¢qj€),p,) being the effective dielectric constant of the medium.

It is possible to extend the case of m=1 (one embedded scatterer in a host medium)
to the case of several embedded scatterers in a host medium (m>2) by using an iterative
procedure. When a background medium ¢, contains the classes of embedded scatterers,
€; and ¢,, the effective dielectric constant of the medium can be defined as €*(egi€1,p,/(1
- p,)) where the embedded particles are characterized by (¢5,p,). An alternate to this
would be to determine the effective dielectric as e*(egie;p,/(1 - p,)) where the
embedded scatterers are characterized by (el,pl). This recursive technique constructs
models of media containing several classes of scatterers by embedding the "next” class of
scatterers into a medium whose effective parameters have been derived for the

Yprevious” classes of scatterers.

For the case of two embedded scatterers where the volume fractions, p, and p,, are in

the low to moderate range,

p
€*(€0i€15P 3€2:P,) = f'("(fo?fb(l__lp'_j);‘%pz) ) (87)
2
or,
- . . ~ gefce . p2 . 58
€ (fo,flsﬂl,fz,Pz) =€ (6 €0s€29(1__p'—5 ’fl’pl) ’ ( )
1

will yield good approximations of the effective dielectric constant of the composite
medium. The terms p /(1 - p,) and p,/(1 - p,) in Eqs. (57 and 58) represent the
effective volume fractions of the intermediate mixtures of (ey,6;) and (eg,¢,),
respectively. When p.< Py Eq. (67) will be the preferred approximation and if P,<pPy
Eq. (58) will be the preferred approximation.

To compute the effective dielectric constant of a medium with M classes of embedded

scatterers, a technique similar to ”iterated homogenization” [Bensoussan, Lions, and
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Papanicolaou 1978] is applied. One can determine the approximation of c‘(co;cl,pl; ..
€msP,,)s Where ;L Piwp by recursively adding scatterers to the “new” background
medium in order of increasing density. The effective volume fraction of a scatterer of
type j in the medium defined by the background medium and the first j scatterers

(€0s€15--+5€ ;) may be expressed,

pME —— . (59)

Using this expression, the estimate of ¢* can be expressed by,

P Ppm.
5'(50361’p1;";€M'PM) >~ e'(e-(eo;el,r__l);...;eM_l,(—l-_Mp—l));eM,pM)
M M

p PM-2 Pm-1
~ €'(e‘(e‘(€ € _.l—_.. . o€ _ —_—)-e - '.——__)-c )
R COT T T B o CF NV D Vil COP NP N Vi MPM

R

6‘(6‘(- . -f‘(f‘(fo;cnp;M);ez,p;M):. . .:eM_l,pm_l);eM,pM) . (60)

2.4 Applications of Effective Parameters

The effective dielectric constants can be used to determine the magnitude of an
electric field that has propagated some distance through a heterogeneous random
medium. For the values presented in this study, the heterogeneous media is a
vegetation environment. The magnitude of the electric field can be determined by using

the relationship,
E=E, .exp(jkom.z) , (61)

where ko=27/), fl.o is the magnitude of the incident electric field, E is the magnitude

of the electric field after propagating through the media, e* is the effective complex
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dielectric constant of the media, and z is the distance the wave travels through the

media.

Application of the effective dielectric constants for foliage are numerous, but would be
primarily of use in electromagnetic simulation programs where ray tracing techniques are
employed. The effective parameters allow the simulation of vegetation covered terrain
by treating the vegetation layer as a homogeneous dielectric slab that covers a rough
surface (the ground). Simulating foliage as a dielectric slab provides a quick method
that can reasonably account for the effects of a foliage layer without consuming a large
amount of computer processing time. Inclusion of the effects of a vegetation covering
will yield a more accurate representation of ground scattering in the presents of foliage

covered terrain.

2.5 Model Limitations

The total field inside a vegetation medium can be mathematically divided into the

sum of a mean, average, or coherent part and a zero mean fluctuating part [Brown 87],
— — —
E =<E> + 6Efjue (62)

—
where <-> denotes average and éE is a zero mean field quantity. For the application of
effective parameters to describe the absorption and scattering of electromagnetic waves
from a vegetation environment, certain conditions must be met. First, the average field

—>
<E > must be much greater than the zero mean fluctuation field 6?:‘:;,,“ ,
— —
<E> >>6Ejye - (63)
Secondly, the difference between the wave numbers of the wave propagating in the"
vegetation medium and in free space should be less than the reciprocal of the maximum

dimension of the embedded scatterers [Varadan 79,

(k- ko)L <1.0 . (64)
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For spherical embedded scatterers L will be the on the order of the diameter of the
spheres. The limitations of the frequency and scatterer dimension on the determination

of the effective parameters of foliage media in this study will be bounded by,
(Je* - 1) (%—")L <05 (65)
0

where ¢* is the effective complex dielectric constant of the foliage medium, L is the
largest dimension of the embedded scatterers, and A, is the wavelength of the incident
radiation. The condition given by Eq. (65) essentially requires that the scattering
properties of a body in free space and in the random medium not be substantially
different. Equation (65) was used to define the upper frequency bound that was used in
this report. Knowing that the values of the effective complex dielectric constant of the
vegetation were on the order of (1.1, 10™*) [Tamir 67], an incident radiation frequency
of 3.2GHz would allow the maximum embedded scatterer dimension to be approximately
15 centimeters (the smallest practical dimension of vegetation scatterers) and still satisfy
Eq. (65). Therefore the upper bound was established as 3.2GHz in this study. The
maximum scatterer dimension is dependent on the frequency and actual value of e*

determined by the model and will vary as these parameters change.

3.0 DIELECTRIC CONSTANTS OF FOREST COMPONENTS

The model used in this report utilizes the transition matrix formalism, described in
section 2, to determine approximations for the effective parameters that can be used to
describe the dielectric characteristics of a heterogeneous random media. Input
parameters to the model require a priori knowledge of the dielectric properties of the
individual scatterers embedded within the host mediﬁm, as well as those of the host
medium itself (air in this study). In the scope of this report we are concerned with the
different dielectric constants of the materials that make up a natural terrain or forest.
Discussion in this section will examine the methods used to determine the dielectric
constants of tree trunks, branches, broad leaves, and needles that are expected to be

found in a common forest.
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The dielectric constant effectively relates the polarization and conduction effects to
field quantities inside and outside an object. It is usually a complex quantity and can be

expressed as,
e=¢-je (66)

where ¢/ is the permittivity and ¢’ is the loss factor resulting from propagation in a
lossy media. The loss factor accounts for losses arising from polarization phenomena in
the medium. The following sections contain a brief discussion of various methods that
are used in this study to determine the dielectric properties of the individual components

that make up a forest environment.

3.1 Dielectric Properties of Trees

Studies have been done [Broadhurst 70] to determine the dielectric properties of trees
(Brown 80 and 82], (Skaar 48], [Yarvorski 51], {James 75]. Despite this, reliable
dielectric measurements of living wood are scarce, although some data has been compiled
for dry wood or lumber. The major difference between the dielectric properties of
lumber and those of living wood are attributable to the moisture content of each. Some
differences could be attributable to sap and other nutrients within the wood that may
also affect the electrolytic nature of the wood, but these effects are secondary when

compared to the moisture content [Brown 80].

3.1.1 Physical Properties of Wood

The wood moisture content u, defined by wood technologists and forestry

professionals, is defined in terms of the oven dry weight of the wood [Kollmann 68],

W, -W
§= uoo

, (67)

where W, is the weight of the green moist wood and W, is the weight after oven drying.
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Taking this definition as a percentage (100xy) it is readily observable that it is possible
to have values of greater than 100%. This is not an uncommon occurrence in the
moisture content of living wood. To obtain some estimates of the moisture content of
living wood, the statistical data of 38 common hardwood, and 26 common softwood
trees found in the USDA handbook of wood were analyzed [Brown 80]. Normalized
distributions were developed to determine the distribution of water content found in
hard and softwood trees, figure 1. From the curves it can be seen that the hardwood
exhibits little or no change in the moisture content from the sap wood (outer layer) to
the heart wood (core) with the typical moisture content being around 80%. Softwood
trees (confers), however, show great variance in moisture content from the outer sap
wood layer to the inner core layer. This may be attributable to the relative dryness of

the heart wood of confers relative to their sap wood.

The density, or specific gravity, of wood can be defined as p = W,/V, where V, is
the volume of green wood. The density or specific gravity values vary greatly for all
species of trees throughout the world (from 0.25 to 1.25). The more common species,
found in more temperate climates, have a much smaller variation (0.3 to 0.7) [Brown
80]. These density values may be applied to either lumber or living wood because the
definition prevents variation in moisture content from affecting values of density once
V, is established. During the search for the values of the dielectric constants of forest
components, it was discovered that there is very little data available that reports these
values with a great deal of confidence. Because of this, an exhaustive review of various
reports was done to obtain as many possible sources that define these values both
theoretically and experimentally. From the data collected, tables of permittivities and
loss factors of wood and leaves were created using what appeared to be the most widely
accepted experimental results or modeling techniques. As with most other reports
examining the dielectric properties of living vegetation, the values of the dielectric
constants used in this report will not be absolute and represent reasonable estimates of
the dielectric constants of the vegetation for the specific conditions that are stated with
each reported value. The results obtained using these values are intended to
demonstrate trends that can be expected as various physical properties of foliage or
external climate conditions change. The accuracy of these predictions can, ultimately,

only be substantiated by corroboration of the results with experimental findings
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Figure 1. Normal distributions of typical dry weight moisture content for 38

hardwood and 26 softwood species.
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3.1.2 Permittivity of Wood

A reasonable model to determine the permittivity of wood ¢’ has been developed by
[James 75] and further enhanced by [Brown 80]. The model includes the effects of
polarization phenomenon as a function of frequency. Input parameters of the model are
functions of the physical parameters affecting the dielectric properties of wood. The
model is expressed as,

d=a+ (68)

b ____ + £

1+f/) °
where a represents electronic and atomic polarization effects, b implies dipolar effects in
which f; is the center frequency in the range of influence, ¢ denotes interfacial effects for
which / differs slightly from 1.0. This model fits the data reported by [James 75] quite
well. The model does substantiate one feature of ¢’ for wood shown in the experimental
data. Af certain frequencies and beyond, ¢’ becomes nearly a constant as the effects of ¢
diminish. The leveling off seems to occur at frequencies beyond 20MHz. This feature
proves to be very useful in predicting_the value of ¢/ over the range of frequencies of
interest in this study, which fall within this plateau region where ¢/ will oﬂly vary
slightly as a function of frequency and will primarily vary as a function of the physical

properties of the wood.

Determination of the actual values of ¢/ for living wood reported by [Skaar 49] [James
75] and (Broadhurst 70] shows that ¢’ increases as a nearly linear function of the
moisture content u (with the density held constant) for moisture contents beyond 20-
30%. Therefore, assuming the moisture content to be a constant quantity and
proportional to the density, the permittivity can be determined with reasonable
confidence independent of the frequency for hardwood and softwood species. To
determine a range of values for ¢ for all trees, data representative of high and low
density species were examined. ) Following the technique used by James, the trees were
divided into two groups and a representative tree was selected from each group. The
oak tree was selected as the hardwood representative and is a moderately high density
hardwood, while the Douglas fir was selected as the representative softwood and is

considered a medium density softwood . Using the data presented by James, which
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extends to 50MHz, a range of the relative permittivities (¢, = ¢'/¢,) for the hardwoods
and softwoods was produced and are shown in figures 2 and 3. The variations were
produced by expanding the data based on a plus-or-minus one standard deviation from
the mean of values produced for the hardwood and softwood species. It is expected
that only a few species will fall outside the one standard deviation range, and that those
who do will lie within a narrower spread due to the inverse relationship of ¢} and wood

density [Brown 80].

As can be seen from figures 2 and 3, the relative permittivity of the hard and
softwood s do not vary a great deazl over the frequency range of interest in this report.
The data reported from experimental measurements of the permittivity of living wood
also exhibited this leveling off above 20MHz [Yavorsky 51], [Broadhurst 70], and [Skaar
49]. These data do however show a slight but constant downward trend in the
magnitude of the permittivity as the frequency increases form the audio to radio to
infra-red frequency bands. By close examination of these data it was determined that
the permittivity consistently decreased over the frequency range of interest in this study.
The permittivities reported in Tables 1 and 2 reflect this slight downward trend as the
frequency increases. The magnitude of the changes were based on the results of
experimental data reported for wood of similar densities and moisture contents
[Broadhurst 70], [Yavorsky 51] and [Skaar 49]. The maximum change was observed in
hardwood trees when the electric field polarization was perpendicular to the wood grain.
In this case the dielectric constant decreased an average of 35% over the frequency range
of interest, from a value of 23 at 50MHz to a value of 15 at 3.2 GHz. The minimum
change observed was an 18% decrease in the dielectric constant over the same frequency
range for softwood tree types when the electric field polarization was parallel to the
wood grain. The slight decrease in the dielectric constant as the frequency increases
may be attributable to the fact that at higher frequencies the time required for
polarization to occur may be equal to or even exceed the period of alternation of the
applied electric field. Therefore, the magnitude of the polarization decreases resulting in
a subsequent decrease in the dielectric constant. Tables 1 and 2 contain‘ the
permittivities of hard and softwood trees when the electric field polarization is parallel

and perpendicular to the wood grain, respectively. Experimental measurements confirm
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Figure 2. Range of the permittivity (¢} ) for common species of live trees at 25°C. The
electric field polarization is parallel to the wood grain.
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[Skaar 49] that the permittivity of wood when the electric field is parallel to the wood
grain orientation will be significantly greater than a corresponding perpendicular to the
wood grain value. This effect may be attributable to the fact that cellulose (the primary
organic component in wood) is composed of straight chain molecules which form
crystallites whose long axes are parallel to the grain of the wood. Hydroxyl groups and
chemically bounded water molecules located beside these chain molecules result in
permanent dipoles whose rotation and displacement in an electric filed have a direct
affect on the dielectric constant. Therefore, when an electric field is impressed parallel
to the long axes of these chains, a greater rotation is exhibited by these hydroxyl groups
and water molecules than when the electric field is perpendicular to the chains [Yavorsky

51].

Complex Dielectric Constants of Wood Parallel E-Field
WOOD | SEASON Frequency (MHz)
TYPES 50 100 200 400 600 800 1300 2400 3200
SOFT WINTER 65 64 62 60 59 58 55 53 52
SUMMER| 61 60 59 58 57 56 53 52 50
HARD WINTER 46 45 - 43 41 40 39 37 36 35
SUMMER| 43 42 41 41 40 39 36 35 33

Table 1. Permittivities of living hard and soft wood trees in summer and winter including a
slight dounward bias as frequency increases. Values reported here are for when the
incident radiation electric field polarization is parallel to the wood grain.

Compiex Dielectric Constants of Wood Perpendicular E-Field
WOOD | SEASON Frequency (MHz)
TYPES 50 100 200 400 600 800 1300 2400 3200
SOFT WINTER 55 53 S1 50 48 46 44 42 40
SUMMER| S0 48 47 46 45 44 41 40 38
HARD WINTER 25 24 23 22 21 20 18 17 16
SUMMER| 23 21 21 20 20 19 17 16 15

Table 2. Permittivities of living hard and soft wood trees in summer and winter including a
slight downward bias as frequency increases. Values reported here are for when the
incident radiation electric field polarization is perpendicular to the wood grain.
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Values given in Tables 1 and 2 are further divided show the dielectric constants of hard
and softwood species in both summer and winter seasons. The summer months are
represented by an ambient air temperature of 25°C, while the winter months are represented
by an ambient air temperature of 4°C. The permittivity of a particular tree type can be
expected to increase as the ambient temperature approaches the freezing point [Brown 82].
The variation chosen here was based on the relative change in the permittivity of water for
the same temperatures and frequencies as those used for the wood. For example, at 50Mhz
the permittivity of water at 4°C is approximately 8% greater than at 25°C. Based on this it
is reasonable to assume that the permittivity of wood will exhibit similar changes in
magnitude as the dielectric constant of wood is extremely dependent on the water content of
the wood. Experimental data reported seems to substantiate the slight increase in
permittivity as temperature decreases but this conclusion was not apparent from the data

all reports cited [Skaar 49], [Yavorsky 51], [Brown 82] and [Broadhurst 70].

Because of the complex nature of the dielectric properties of living wood and the ever
changing conditions of the forest environment, the values presented in Tables 1 and 2 are
not professed to be absolute, but are intended to represent reasonable estimates of these
parameters for the stated conditions. Changes in any one of the input conditions could

result in a significantly different value of permittivity.

3.1.3 Loss Factor of Wood

The variation of the loss factor with the physical properties of wood is more difficult to
predict than the permittivity. A great disparity is reported to exist between the loss factor
of cut wood [James 75] and a sample from a living tree branch [Brown 80] [Yavorsky 51].
The loss factor represents the loss of electromagnetic energy in a medium of propagation.
The loss due to dipolar depolarization is sometimes the only type of loss considered in high
frequency models for leaves and wood. In wood and leaves, water volume is considered to
dominate the variation of ¢/’, and so a mixing type of formula is generally based on the
estimates of the water volume in a unit volume of material. A model to determine the wood
loss factor, accounting for each type of dominant loss phenomenon, has been derived by

[Brown 80] and is written,
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n _. A B(f/fC) 69
=gm T rrany? (69)

where f. is the critical or relaxation frequency of water, and f is the frequency of the incident

electromagnetic radiation. The value of A is reported to be dependent on the dry weight

moisture content of the wood and is given by,

A, = (1.29 + 0.154)x10° , (70)
for a combination of orientations of the grains relative to the electric field, and

Ap = (3.49 4+ 0.15p)x10% | (71)

for the electric field perpendicular to the grain. Brown also reported a value of 0.041 for m,

and showed B as,
B =434+ 8.1 , (72)

regardless of orientation. The critical frequency of water is reported to be 20 GHz for the
summer season and 10 GHz for the winter season. Figure 4 depicts the loss factors of wood
versus frequency using the model presented in Eq. (69). In figure 4 curves are shown for the
winter and summer season and for tke wood grain perpendicular to the incident electric
field, as well as when the wood grain is randomly oriented relative to the electric field. The
output of this model was compared to experimental data [Broadhurst 70] and compared

favorably, although widespread application is doubtful.

Because of a paucity of the data above 1GHz with which the data can be compared to
the model, the expression shown in Eq. (72) for B was not received with a great deal of
confidence. To alleviate this discrepancy, experimental data was used [Studzman 79] to
verify the output of the modeling of the loss factor. By doing this a revised expression for B

was determined by Brown,

B = 0.07 + 29.5(up) - 4.8(up)? + 63(up)® (73)
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Loss factor of soft wood versus frequency
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Figure 4. Model determination of the loss factor of softwood in summer and winter with
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moisture content of 140%.
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which results in a new expression for the loss factor of wood of,

6" _ A + [0-07 + 29.5(/.lp) - 4.8(/‘/’)2 + 63(#P)3]'(f/fc)0'9 (74)
B 1 4 0.3129(f/£.)%° + (f/f.)"°

where A = 1.5E9 when the wood grain has a combination of orientations relative to the
incident electric field and A = 3.7TE8 when the electric field is perpendicular to the grain of
the wood. Figure 5 depicts the output of the revised model given by Eq. (74) versus the
frequency of the incident radiation using the same physical parameters that were used in the
determination of figure 4. A better fit to the experimental data is obtained for for values
above the 1GHz range using the revised value for B. Two sets of curves were generated
using the revised model, and are shown in figures 5 and 6. Figure 5 depicts the loss factor
of softwood trees versus the frequency of the incident radiation, while figure 6 shows the
loss factor of hardwood trees versus the frequency of the incident radiation. As can be
seen, the frequency dependence of the loss factor relative to the frequency of the incident
radiation is quite complex and may be considerable in magnitude. The plots in figures 5
and 6 contain separate curves demonstrating the effects of season and electric field
polarization relative to the wood grain. The variation of the loss factor with respect to the
temperature has been shown experimentally [Yavorsky 51] to decrease in moist wood as the
temperature increases. This reversal is attributable to the fact that at higher temperatures
the water dipoles experience less frictional effects. The correlation of the loss factor with the
wood grain orientation relative to the electric filed has not been established experimentally.
It does seem reasonable to assume that the loss factor as measured with an electric field
parallel to the wood grain would be greater than that with the electric field perpendicul;ar to
the grain as the model output shows in figures 5 and 6. The reason for this behavior may

again be attributed to the basic structure of cellulose crystallites {[Yavorsky 51).

Values of the loss factors of wood for conditions of interest in this study were determined
using Eq(74) and are summarized in Tables (3-6) as a function of wood type, moisture

content, frequency, season, and electric field orientation. Calculations of the softwood
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Loss factor of soft wood versus frequency
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Figure 5. Revised model determination of the loss factor of softwood in summer and winter

with random and perpendicular orientation of the electric field polarization relative to the

wood grain and mean moisture content of 140%.
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Loss factor of hard wood versus frequency
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Figure 6. Revised model determination of the loss factor of hardwood in summer and
winter with random and perpendicular orientation of the electric field polarization relative to

the wood grain and mean moisture content of 80%.
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values use a mean moisture content of 140% [Brown 80] and a wood density of 0.45 [Skaar

48], while hardwood values are calculated using a mean moisture content of 80% [Brown 80]

and a density of 0.75 [Skaar 48].

Wood Grain Perpendicular to E-Field

(Summer)
Wood Frequency (MHz)
Type 50 100 200 400 600 800 1300 2400 3200

Softwood 15.2 8.01 4.50 3.01 2.78 2.85 3.40 5.00 6.10
Hardwood | 15.2 7.98 441 291 2.63 2.65 3.11 4.48 5.47

Table 3. Loss factors of wood €!' with the E-field perpendicular to the wood grain
orientation, for variable frequencies, and wood types, in the summer season.

Wood Grain Perpendicular to E-Field

(Winter)
Wood Frequency (MHz)
Type 50 100 200 400 600 800 1300 | 2400 | 3200

Softwood 15.3 8.25 4.95 3.84 3.94 4.33 5.68 8.27 9.87
Hardwood | 15.3 8.20 4.84 3.65 3.67 3.98 5.05 7.42 8.85

Table 4. Loss factors of wood € with the E-field perpendicular to the wood grain
orientation, for variable frequencies, and wood types, in the winter season.

Wood Grain Randomly Oriented to E-Field

(Summer)
Wood Frequency (MHz)
Type 50 100 200 400 600 800 1300 | 2400 | 3200

Softwood 61.1 31.6 16.6 9.23 6.98 6.02 5.36 6.00 6.82
Hardwood | 61.1 31.6 16.6 9.15 6.86 5.86 5.12 5.60 6.32

Table 5. Loss factors of wood e!' with the E-field arbitrary to the wood grain
orientation, for variable frequencies, and wood types, in the summer season.
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Wood Grain Randomly Oriented to E-Field

(Winter)
Wood Frequency (MHz)
Type 50 100 200 400 600 800 1300 [ 2400 | 3200

Softwood 61.2 31.9 17.1 10.1 8.12 7.47 7.49 9.22 10.5
Hardwood | 61.2 31.8 17.0 9.90 7.90 7.19 7.07 8.54 9.69

Table 6. Loss factors of wood ¢!' with the E-field arbitrary to the wood grain
orientation, for variable frequencies, and wood types, in the winter season.

3.2 Permittivity and Loss Factors of Leaves

To obtain a valid estimate of the effective parameters of a foliage medium, values
describing the dielectric properties of individual leaves must be defined. Although some
reports [Brown 82] site that the leaves on leaf-bearing trees can be ignored below frequencies
of 3GHz, the scope of this study includes operating frequencies near this boundary which
will necessitate the inclusion of the effects of leaves. There are very few sources in the
literature that provide measured data for the dielectric constants of leaves. Those that are
available [Broadhurst 70] [Ulaby 83], report the dielectric constants of only certain types of
leaves and for a limited number of incident radiation frequencies. For the application here,
values are needed for a wide frequency spectrum (50MHz to 3.2GHz), variable climate
conditions, and variable moisture content of the leaves. To obtain approximations for these
constants for the wide variety of conditions necessary, it was decided to use modeling
techniques that determine the dielectric constants of the leaves based on the moisture

content of the leaves, ambient air temperature, and incident radiation frequency.

Various reports are available that include examination of methods to create a reliable
model to determine the dielectric properties of individual leaves [Bush 76], [Fung 78],
[Brown 82]. Most reports cited consider a leaf to be a mixture of organic leaf material and
liquid water. A leaf can be modeled by considering the leaf to be comprised of a background
medium composed of organic material and that ellipsoidal disks of water are randomly

distributed throughout this material. DeLoor proposed a dielectric mixing model based on
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these assumptions and determined a dielectric mixing formula that is a function of the
volume fraction of the water inclusions and the dielectric constants of the host material and

water [DeLoor 68],
q=6-gle)(2+e) (75)

In Eq. (75), ¢, is the relative complex dielectric constant of the mixture, ¢, is the relative
complex dielectric constant of the host material, €, is the relative complex dielectric
constant of the inclusions, and V, is the volume fraction of the inclusions. For the

vegetation leaf,

a=¢+iq (76a)

&=+ (76b)
and,

‘e.,, =eh + je{,,’ . (76¢)

Because ¢, can be expected to be several orders of magnitude greater than e;’ in the

microwave region, the latter will have negligible effect on the dielectric constant of the
mixture and can be taken to be zero. The permittivity of the bulk material e,’, is reported to
range from 2.4 to 5.0 [DeLoor 68]. A value of ¢} = 3.0 will be adopted here as it has been
shown [Ulaby 83] that it will result in good agreement with experimental measurements.
Thus, substituting the dielectric constant of the bulk material ¢, = 3.04j0.0 into Eq. (75)

and rearranging terms leads to the expression,

; Ve & \% 2V .
(er-ier’ <1 - -3—-(1 - —e'—;cT)) = e} (1 - —3-2 "') —3W.(e{,,-3e£,! . (77)

As suggested in [Ulaby 83], the relationship,

1 y2 2 2

1o (ew) '+ (‘“) JaY lewl

€w- J€w = T .00 = 7 .07
€wt jeu €wt J€w

) (78)
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can be used to simplify the left side of Eq. (76). By equating the real and imaginary parts

of the above equations it is possible to write,

e,’(l - %!') + Y3_ e | (el +el'eld) = €} (1 - WT"') + 2};——"'650 ) (79)
and,
Vy 2Vy

Equations (79 and 80) can be solved simultaneously to define independent expressions for e,’

and cf’.

The solutions can be simplified by noting that the ratio of €if/el, is much smaller
than unity except for frequencies near the relaxation frequency of water. From this it can
be ascertained that the ratio of €!'/¢) is also much smaller than unity since €}/ = 0.

Therefore, the simplification,

I "1 I e)'ets ]
elel, - ellell = elel,{ 1 - =] =~ ele!, (81)
€1€w

is valid. Using the approximation shown in Eq. (81) the real and imaginary parts of the leaf

dielectric constant can be expressed by,

2V
L+ Weded)

g = vo [ ) (82)
w
+T(| o '1)
and,
Vu.n CH
well | 2
g ( " el (83)
1+ Y ‘z‘:" 1
3 \jeul®”

For a known set of values of €}, ¢,, and V,, Eq. (82) can be used to determine ¢} which can

then be used in Eq. (83) to obtain a value for cf’.
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The dielectric constant of water is very dependent upon the temperature and salinity of
the water. For the work being done here the temperature range of interest is 4°C to 25°C
which is large enough to cause a significant change in the dielectric constant of water.
Additionally the salinity of water should be considered. According to information on the
chemical properties of leaves, the salinity can be as high as 12%. Changes in salinity have

little effect on ¢l but can have great influence on cf.,', and this influence increases in

importance with decreasing microwave frequencies [Ulaby 83]. As an example, c{,,' increases
from 4.37 for S=0 to 29.17 for S=9%, where S is the salinity in parts per thousand on a

percent weight basis.

The real and imaginary parts of the dielectric constant of saline water are given by

[Ulaby 83],

€sw0 - €swoo
— e 84
1+ (27fr,.)? (84)

!
€aw = €5wo0 +

and,

"no_ 271fT (€400 - €swoo) + o,
v 1+ (21rf‘rm,)2 2wl

(85)

where ¢, is the static dielectric constant of saline water, €,,, is the high-frequency (or
optical) limit of ¢,,, (both of which are dimensionless), 7,, is the relaxation time of saline
water in seconds, f is the electromagnetic frequency in Hz, o, i: the ionic conductivity of the
aqueous solution in Q7'm-~1, and ¢, is the permittivity of free space (¢, = 8.854E-12 Fm-1).
The value of the high-frequency dielectric constant is 4.9 and there appears to be no

evidence to indicate a dependence on salinity (Lane 52] [Stogryn 71].
The dependence of ¢,,,, on the salinity S,,, (%) and temperature T (°C) is given by,
€uwo(Ts8:0) = €,40(T,0) - a(T,Sou) (86)

where,

€,50(T,0) = 87.134 - 1.949E-1-T - 1.276E-2-T? + 2.491E-4.T3 | (87)
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and
a(T,S,,) = 1.0 + 1.613E-5-TS,,, - 3.656E-3-S,,,
+ 3.210E-5-S2, - 4.232E-7-S3,,  (88)

These expressions are polynomial fits to experimental data and are considered valid for

salinities of 4 < S,,,<35% [Ulaby 83].
The relaxation time of saline water is defined in a similar manner to that used in the

determination of ¢,,,. The polynomial expression that is used to define the relaxation time

of saline water can be expressed,
'T:w(Tast) = T,w(T,O) . b(T’S:w) ’ (89)

where 7,,(T,0) is the relaxation time of pure water and b(T,S,,) is a polynomial fit to

experimental data [Grant 57] and derived by [Stogryn 71]) and [Klein 77] that is given by,

b(T,S,u) = 1.0 + 2.282E-5-TS,,, - 7.638E-4-S,,,
- 7.760E-6-S%, + 1.105E-8-S3, ,  (90)

Equation (90) is considered valid when 0 < S,,,< 157% and 0 < T < 40°C.
The final parameter is the ionic conductivity o, which was derived by [Weyl 64] and
[Stogryn 71] and is expressed,
0i(T,S0) = 0(25,5.)e% (91)
where ¢,(25,S,,) is the ionic conductivity of sea water at 25°C which is given by,
0:(25,S,0) = S,u(0.18252 - 1.4619E-3S,,, + 2.093E-5S?, - 1.282E-7S3,) ,(92)

The function ¢ is dependent on S,,, and A = 25 - T, and is given by,
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6= A(2.033E-2 + 1.266E-4A + 2.464E-6A°
- S,u(1.849E-5 - 2.551E-TA + 2.551E-8A2))

Equations (92 and 93) are valid for 0 < S,,, < 40%.

(93)

The dielectric constants of leaves under various conditions of interest in this study have

been computed, using the models described above, and are shown in Tables 7 and 8. The

leaf used in the calculation has a moisture content of 65% and salinity of 6%. These values

are by no means expected to be constants but are representative of what could be

considered reasonable values for a leaf. To arrive at the dielectric values for the leaves, the

dielectric constant of water, at the frequency of interest, is first determined using Egqs. (84

and 85). These values are then substituted into Eqs. (82 and 83) to determine the dielectric

constants of the leaves.

The values calculated by the model compared favorably with

experimental data found in the literature for leaves for similar physical and environmental

conditions [Ulaby 82], [Brown 82], [Broadhurst 70], [Lang 83], and [Ulaby 86].

Frequency (MHz)
Temp 50 100 200 400 600 800 1300 2400 3200
4°C 48.9 48.9 48.7 48.5 48.3 48.2 47.8 46.3 44.7
25°C 446 |. 44.7 44.6 44.5 44.3 44.3 44.0 43.4 43.0

Table 7. Permittivity of broad leaves and needles for leaves with moisture content of
65% and salinity of 6%.

Frequency (MHz)
Temp 50 100 200 400 600 800 1300 2400 3200
4°C 126.0 | 64.0 32.0 18.0 13.0 11.0 11.0 12.0 14.0
25°C 209.0} 105.0| 53.0 27.0 19.0 15.0 11.0 10.0 11.0

Table 8. Loss factors of broad leaves and needles for leaves with moisture content of
65% and salinity of 6%.
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3.3 Density of Forest Components

Having defined values for the electrical properties of forest constituents (wood and
leaves), quantitative values describing the density of the various foliage components must be
established. The most typical parameter used to define the density of foliage is the volume
fraction that the foliage components occupy in a typical forest. The volume fraction is
defined as the ratio of volume occupied by foliage components to the total volume of the
layer containing the forest environment. Quantitative measurements of the volume
fractions of forests are sparse, and determination of a valid estimate requires the
development of sophisticated modeling programs.  Although models are available to
determine the volume fractions of forests stands [Brown 82], [Brown 80], [Ulaby 86}, and
[Ulaby 79], actual values of volume fractions can be expected to vary a greatly depending on
the region, season and weather pattern. The data presented in this study is given as a
function of the volume fraction, which allows the reader to determine the volume fraction of
a forest Sta.nd of interest and obtain the effective dielectric constants of the forest associated
with that volume fraction. Therefore, the only task is to determine a suitable range of
volume fractions over which to do the calculation of the effective dielectric constants that

will be representative of typical forest environments.

From the literature reviewed, it was found that in the typical mature forest the wood will
occupy approximately 1.0% of the total volume. In some cases, well managed forests can
attain wood volume fractions in the vicinity of 5.0%. This is considered an extreme case. It
is interesting to note that the jungle forests of Southeast Asia were found to have wood
volume fractions somewhat below the average of 1.0%. This result was attributed to the
lack of large trees or the underbrush limiting effects of the relatively dense canopy
comprised of mostly leaves [Brown 82]. For the purpose of this work, calculations will be
done for wood volume fractions over a range of 0.01% to 5.0%. The data is divided into
two segments, one for a sparse forest (volume fractions from 0.01% to 1.0%) and the other

for dense forest (volume fractions of 1.0% to 5.0%).

The volume fraction of broad leaves or needles, was typically reported to be between 10

to 25 percent of the volume fraction occupied by the wood. Therefore, the volume fractions
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of leaves in this report will be consistently reported as 10% percent of the total volume
fraction which is considered typical [Brown 83]. It is the intent to used a range volume
fractions significantly broad so that most all possible forest stands, with similar vegetation

composition, can at least be approximately represented.

4.0 EXAMPLE CALCULATIONS

The model, in its present form, produces plots of the effective permittivity and loss factor
versus the volume fraction of the embedded scatterer. If there are multiple embedded
scatterer types comprising the heterogeneous medium, the model is capable of varying the
volume fraction of only one of the embedded scatterers in any one calculation. Because in
most cases wood will represent up to 95% of the total embedded scatterers volume fraction
in a forest environment, wood was the scatterer varied in all of the example calculations
presented in this report. Plots produced using the model that represent the effective
complex dielectric constants of a forest environment composed of hardwood tree types with
the wood grain randomly oriented with respect to the electric field polarization at a
temperature of 25°C are shown in Figures 7 through 15. Each plot represents the
calculation of the effective dielectric constants of the forest environment for a different
incident radiation frequency from 50MHz to 3.2GHz. The input dielectric constants were
obtained using the models described in section 3.0 of this report. The volume fraction of the
leaves in Figures 7 through 15 were taken to be 0.001, and the volume fraction of the wood
was varied from 0.0001 to 0.05. All plots contain four curves showing the results of
calculations using the ATA, CPA, EMA, and MUD_ATA (which are all discussed in
Section 2.0). It is apparent that the estimations provided by the ATA, EMA, and CPA all
show good agreement with one another. The MOD_ATA, however, appears to produce
poor agreement with the other estimations. The discrepancy could perhaps be attributable
to the large difference between the complex dielectric constant of the background medium
and those of the embedded scatterers as the MOD _ATA was consistently off scale, higher
than all of the other estimations. The magnitude of the effective parameters reported in the
literature correspond with the values calculated using the ATA, CPA, and EMA.
Effectively, this would mean that the calculation of the effective parameters of a

heterogeneous medium using the MOD _ATA method is limited to media whose embedded
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Figure 7. Effective complex dielectric constants (e*) of a vegetation environment versus the
volume fraction of the wood component. The values represent a vegetation environment
comprised of hardwood foliage at 25°C with the wood grain randomly oriented with respect
to the electric field polarization. Leaf moisture content is 65%, leaf salinity is 6% and the
leaf volume fraction is 0.1%. Values are calculated for an incident radiation frequency of

50MHz.
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Figure 10. Effective complex dielectric constants (¢*) of a vegetation environment versus
the volume fraction of the wood component. The values represent a vegetation environment
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Figure 11. Effective complex dielectric constants (¢*) of a vegetation environment versus
the volume fraction of the wood component. The values represent a vegetation environment
comprised of hardwood foliage at 25°C with the wood grain randomly oriented with respect

to the electric field polarization. Leaf moisture content is 65%, leaf salinity is 6% and the

leaf volume fraction is 0.1%. Values are calculated for an incident radiation frequency of

600MHz.
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Figure 12, Effective complex dielectric constants (¢*) of a vegetation environment versus
the volume fraction of the wood component. The values represent a vegetation environment
comprised of hardwood foliage at 25°C with the wood grain randomly oriented with respect
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leaf volume fraction is 0.1%. Values are calculated for an incident radiation frequency of
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47




’
(4

Effective Permittivity, ¢

Effective Loss Factor,

Re(EDC) APPROXIMATIONS

1'2 L R B 3L L ITII ﬁ LB fITI’II L ] LB LRI
./ 2 EMBEDDED SCATTERERS
1.15 ./ DIELECTRIC CONSTANTS
' B / ] €. = ( 1.0E+00, 0.0E+00)
ya ¢, = ( 4.4E+01, 1.1E+01)
o €, = ( 3.6E+01, 5.1E+00)
1.1 ’ -
1.05 — -
1 1 L o a gl A Al 2 a1
1E-4 ":v' ?; Fracti 0.01 VOLUME FRACTIONS
olume Fraction p, 0. = 1.00E-03
Imag(EDC) APPROXIMATIONS
0’01 T T g L ey T ™ T Ty
]
E-3 E
1¢ = 1.30£+09 Hz
— ATA
E-4 3 .... CPA
] - — EMA
] —._ MOD_ATA
L 1 2 5 2 0l ll ' 1 Aot 1 11 I 1 L 1 L1
E-Pe2 1E-3 0.01 0.1

Volume Fraction p,

Figure 13. Effective complex dielectric constants (¢*) of a vegetation environment versus
the volume fraction of the wood component. The values represent a vegetation environment
comprised of hardwood foliage at 25°C with the wood grain randomly oriented with respect

to the electric field polarization. Leaf moisture content is 65%, leaf salinity is 6% and the

leaf volume fraction is 0.1%. Values are calculated for an incident radiation frequency of

1.3GHz.
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Figure 14. Effective complex dielectric constants (¢*) of a vegetation environment versus
the volume fraction of the wood component. The values represent a vegetation environment
comprised of hardwood foliage at 25°C with the wood grair. randomly oriented with respect

to the electric field polarization. Leaf moisture content is 65%, leaf salinity is 6% and the

leaf volume fraction is 0.1%. Values are calculated for an incident radiation frequency of
2.4GHz.
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Figure 15. Effective complex dielectric constants (¢*) of a vegetation environment versus
the volume fraction of the wood component. The values represent a vegetation environment
comprised of hardwood foliage at 25°C with the wood grain randomly oriented with respect

to the electric field polarization. Leaf moisture content is 65%, leaf salinity is 6% and the

leaf volume fraction is 0.1%. Values are calculated for an incident radiation frequency of
3.2GHz.
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scatterer dielectric constants are close in magnitude to the dielectric constant of the host
medium. From this assumption, the MOD_ATA method will not provide a good
approximation of the effective parameters of a foliage medium because the dielectric

constants of the embedded scatterers are much greater than the host medium of air.

As previously mentioned, the total volume fraction of the vegetation matter in a forest
environment rarely exceeds 0.05. Values calculated and shown in figures 7 through 15 all
show excellent agreement between the ATA, EMA, and CPA approximations below this
threshold. It is only when the volume fraction is greater than 0.05 that the estimations
from the various approximations begin to significantly differ. The agreement between these
three approximation methods was consistent for all cases run using the model, as was their

relationship with the output of the MOD _ ATA.

The magnitude of the effective permittivities calculated using the model were close to the
expected values. According to De Loor, the effective complex dielectric constant of a
heterogeneous media will be a value between that of the scatterers that constitute that
medium. For the forqst environment this would produce values between 1.04j0.0 and
40.04j)209. Because of the small volume fraction of the embedded séatterers, one would
expect the effective dielectric constants of foliage media to have values slightly larger then
that of air (14j0). The magnitude of the effective loss factor may be explained similarly.
The calculated values of the effective values show good agreement other with values

reported in the literature [Tamir 67] [Golden 78] for forest media.

Figures 7 through 15 demonstrate the dependence of the effective complex dielectric
constant on the volume fraction of the embedded scatterers. In some cases the magnitude
of the loss factor can increase two orders of magnitude for a sparse versus dense forest
environment. The magnitude of the permittivity is also dependent on the volume fraction of
the embedded scatterers but to a much lesser degree. The effect of varying the frequency of
the incident radiation can be seen by comparing the curves on Fi;: s 7 through 15, as each
plot calculates the effective dielectric constants for a different frequency of incident
radiation. The frequency dependence of the loss factor on frequency is readily observable
and, although not as pronounced as the dependence on volume fraction, does appear to be

significant. Alternately, the effect of frequency on the permittivity shows little or no change
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over the 50MHz to 3.2GHz frequency range for which the calculations were done. This
result is consistent with expectations, as the variation of the permittivity of the vegetation

components shows little variation over frequency.

The format of the data presented in Figures 7 to 15 resulted in a great number of plots
when an attempt was made to demonstrate the effects of varying conditions on the effective
complex dielectric constants of a forest medium. A more compact presentation format was
devised that has the effective dielectric constants plotted versus the frequency of the
incident radiation, with each plot containing several curves that represent different forest
densities. In order to produce such plots, the volume fractions of the components of the
forest had to be estimated. To this end, two sets of plots were created; one for sparse
vegetation where the total volume fraction falls between 0.01% and 1.0%, and the other for
dense foliage where the total volume fraction of the vegetation falls between 1.0% and 5.0%.
Each plot contains a maximum curve, a minimum curve, and a typical curve. For example,
the dense foliage plot would contain a curve for extremely dense (total volume fraction
5.0%), dense (total volume fraction 2.0%), and normal (total volume fraction 1.0%) foliage
and the sparse foliage plot would contain a curve for normal density (total volume fraction
1.0%), sparse (total volume fraction 0.1%), and extremely sparse (total volume fraction
0.01%) foliage. To create these plots using the model, the volume fraction of leaves must be
held constant for the calculation. For the example plots in this report, this value was taken
to be 10% of the total of the volume fraction of the vegetation, which is about what would
be expected in a typical foliated forest [Brown 82] [Ulaby 83]. As an example, to produce a
plot with the above format only a single point would be taken from each of the plots shown
in Figures 7 through 15. The selected points in Figures 7 to 15 are shown on the respective
figures (arrow from x-axis) and were used to produce the normal (1.0%) curves in figures
24, 25, 26 and 27. By using this condensed plotting format the eight plots in Figures 7 to
15 can be condensed to the single curve shown on the plots in Figures 25 through 27 making
data interpretation more coherent. The plots shown in the effective dielectric constant
versus frequency format use the complex éffective dielectric constant values returned by the
Self-Consistent version of the Coherent Potential Approximation. The results of only one of
the estimation techniques are shown because the difference between the approximation
methods only becomes significant above 0.05, which is outside the range of realistic volume

fractions of forest environments.
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The points chosen from the effective dielectric constant versus volume fraction curves are
based on the value of the volume fraction of the leaves used in the creation of that curve.
The leaf volume fraction in Figures 7 through 15 is 0.001, and since the leaf volume fraction
is taken to be 10% of the total volume fraction, only the points corresponding to 0.009 on
the x-axis are used here. The subsequent volume fraction versus frequency curves created
from these points represent the complex effective dielectric constants of normal density
hardwood vegetation in summer with a total volume fraction of 1.0, which is comprised of
0.9% wood and 0.1% leaves. Alternately, the extremely dense and dense curves in figures 26
and 27 are developed by taking points from two other sets of plots using the same
conditions as those used in figures 7 through 15 but produced using different values for the
volume fraction of the leaves; 0.005 and 0.002, respectively. Data presented in the
condensed format allows the determination of the complex effective dielectric value for a
particular incident radiation frequency by estimating the density of a vegetation

environment and reading the corresponding value from the plot.

Curves were created that will demonstrate the effects of frequency, forest density, season,
and wood grain orientation to the electric field polarization on the effective dielectric
constants of forest media. Plots similar to those of Figures 7 to 15 were created varying
these above mentioned conditions as well as the leaf volume fractions. A total of eight data
sets were used as input to the model and consisted of the dielectric constants of the various
components subdivided by the species (hard or softwood ), season (winter or summer), and
wood grain orientation relative to the electric field orientation (perpendicular or randomly
oriented). For the case of hardwood species in the winter season the effective medium will
be modeled as a background medium (air) and one embedded scatterer (wood), as the
majority of leaves fall from hardwood tree types in the winter. Alternately, the softwood
species in any season, and the hardwood species in summer, will be modeled as the
background medium and two embedded scatterers; the wood and leaves or needles. Values
for the dielectric constants of the components of the forest were obtained from the models
discussed in section 3.0 and are shown in the tables in their respective section. Eight set of
plots were created for total volume fractions of 0.0001, 0.001, 0.01, 0.02, and 0.05, with the

leaf volume fractions being 10% of the total volume fraction for each data set. Each of
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these plots were generated for 9 incident radiation frequencies; 50MHz, 100MHz, 200MHz,
400MHz, 600MHz, 800MHz, 1.3GHz, 2.4GHZ, and 3.2GHz. Therefore, a total of 144
(permittivity and loss factor are plotted separately) plots were created showing the effective
complex dielectric constants versus the wood volume fraction. By extracting the points of
interest from these plots as discussed above, the effective dielectric constants versus the
frequency of incident radiation can be plotted. A total of 16 plots showing the permittivity
and loss factors versus frequency of dense foliage and 16 plots showing the permittivity and
loss factors versus frequen - - of sparse foliage were created, these plots are shown in Figures

16 through 47.

4.1 Effective Dielectric Constants of Hard Wood Vegetation

Section 4.1 contains the results of the calculation of the effective complex dielectric
constants of foliage media comprised of hardwood type vegetation. Four sections are
included that contain the results of calculations for different vegetation types and
environmental conditions. The effects of temperature, wood grain orientation to the electric

field, and volume fraction are demonstrated.

4.1.1 Hard Wood With Perpendicular Electric Field at 25°C

Figures 16 and 17 depict the effective permittivity and loss factor of a sparse foliage
medium composed of hardwood vegetation at an ambient air temperature of 25°C, with the
wood grain perpendicular to the electric field, respectively. The perpendicular orientation of
the wood grain with respect to the electric field polarization makes the values in these
figures applicable to the propagation of electromagnetic waves through the trunks or stalks
of trees, or through brush or young vegetation, where the majority of wood grain is
perpendicular to the electric field. Sparse vegetation is an environment where the trees are
sparsely to moderately populated. The volume fraction of 1.0% is representative of a
"typical” forest density and values near this curve should be the most common referenced.

The temperature (25°C) is representative of the summer season.
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Figure 16. Effective permittivity of a sparse hardwood vegetation environment with the
wood grain perpendicular to the electric field polarization. The three curves represent the
highest, middle and lowest extremes of the volume fraction of the embedded scatterers.
Leaf salinity is 6% and leaf moisture content 65% for all values. Wood moisture content is
80% and the temperature is 25°C representing the summer season.
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Effective loss factor versus frequency
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Figure 17. Effective loss factor of a sparse hardwood vegetation environment with the wood

grain perpendicular to the electric field polarization. The three curves represent the highest,

middle and lowest extremes of the volume fraction of the embedded scatterers. Leal salinity

is 6% and leaf moisture content 65% for all values. Wood moisture content is 80% and the
temperature is 25°C representing the summer scason.
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As expected, the effective permittivity will vary little in the frequency range over which
the calculations are done. Data found in the literature supports this conclusion [Golden 78]
[Tamir 82] [Ulaby 82]. Variation of the effective permittivity with respect to the volume
fraction of embedded scatterers, however, is quite prominent. The magnitude of this change
can best be observed in the example plots of the effective permittivity versus the volume
fraction shown in figures 7 through 15. All of the curves generated throughout this report
displayed behavior similar to that observed in figures 7 through 15. it should be noted that
the slope of the permittivity curve increases rapidly when the embedded scatterers volume
fraction is greater than 2.0%. The effective permittivities for the extremely sparse to sparse
volume fraction foliage (0.01% to 0.1%) are between 1.0003 and 1.0028; while the effective

permittivities of sparse to normal foliage are between 1.003 and 1.028.

The variation in the effective loss factor versus frequency is shown in figure 17. The
deviation in these values over frequency appears to somewhat mimic the behavior of the
dielectric constants of the hardwood embedded scatterers (see figure 6) for the same
frequency interval. The variation of the effective loss factor with respect to the volume
fraction of embedded scatterers is pronounced and as expected increases as the volume
fraction incréases. The effective loss factors of the extremely sparse volume fraction foliage
are between 5.5E-6 and 1.5E-4; while the effective loss factors of sparse to normal volume
fraction foliage are between 5.1E-5 and 1.6E-3, depending upon the frequency of the incident

radiation.

Figures 18 and 19 depict the effective permittivity and loss factor of a dense foliage
medium for the same conditions as those used to develop figures 16 and 17, respectively. A
dense foliage medium is an environment where the trees are moderately to heavily
populated. The values between the 1.0% and 2.0% curves are generally considered to be
representative of "typical” dense forest environments with the 5.0% curve being an
extremely dense medium. The permittivities shown in figure 18 shows little variation versus
the frequency demonstrating that the effective permittivities do not change appreciably over
the frequency range reported here regardless of the volume fraction of the embedded
scatterers. The permittivities do, however, vary markedly as the volume fraction changes
from values of 1.026 to 1.058 for normal to dense foliage (1.0% to 2.0%), to 1.053 to 1.156
for dense to extremely dense foliage (2.0% to 5.0%).
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Figure 18. Effective permittivity of a dense hardwood vegetation environment with the
wood grain perpendicular to the electric field polarization. The three curves represent the
highest, middle and lowest extremes of the volume fraction of the embedded scatterers.
Leaf salinity is 6% and leaf moisture content 65% for all values. Wood moisture content is

80% and the temperature is 25°C representing the summer season.
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Figure 19. Effective loss factor of a dense hardwood vegetation environment with the wood

grain perpendicular to the electric field polarization. The three curves represent the highest,

middle and lowest extremes of the volume fraction of the embedded scatterers. Leaf salinity

is 6% and leaf moisture content 65% for all values. Wood moisture content is 80% and the
temperature is 25°C representing the summer season.
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Figure 19 contains plots of the effective loss factors of a dense foliage medium for the
same conditions as figure 18. From the curve it can be observed that the effective loss
factor will have the same tendencies over frequency as the major embedded scatterer, similar
to the trend exhibited by the curves in figure 17. The variation with respect to the volume
fraction of embedded scatterers is again pronounced varying from 5.3E-4 to 3.4E-3 for
normal to dense foliage, to 1.1E-3 to 9.9E-3 for dense to dense foliage, depending on the

incident radiation frequency.

4.1.2 Hard Wood With Perpendicular Electric Field at 4°C

Figures 20 through 23 present the results of the calculation of the effective complex
dielectric constants of a foliage medium for the same conditions as those used in the
determination of figures 16 through 19, respectively. The only difference being an ambient
air temperature of 4°C for figures 20 to 23 rather than 25°C for figures 16 through 19. The

4°C value is intended to be representative of the winter season.

Observation of figures 20 through 23 reveals that there is no appreciable difference in the
effective permittivity of forest environments for these conditions in winter and summer,
while the effective loss factor exhibits only slight changes in magnitude versus the frequency.
This leads to the conclusion that large variations in the dielectric constants of the embedded
scatterers are necessary to produce even minimal effects on the effective parameters when

the volume fractions are low.

The effective permittivities for the extremely sparse to sparse volume fraction foliage
(0.01% to 0.1%) from figure 20 are between 1.0003 and 1.0029; while the effective
permittivities of sparse to normal foliage are between 1.003 and 1.030. The effective
permittivities for the normal to dense volume fraction foliage (1.0% to 2.0%) from figure 22
are between 1.027 to 1.058; while for dense to extremely dense foliage (2.0% to 5.0%) the
values vary between 1.054 and 1.156.

The effective loss factors for the extremely sparse to sparse volume fraction foliage from

figure 21 are between 3.9E-6 and 9.2E-4; while the effective permittivities of sparse to
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Figure 20. Effective permittivity of a sparse hardwood vegetation environment with the
wood grain perpendicular to the electric field polarization. The three curves represent the
highest, middle and lowest extremes of the volume fraction of the embeddced scatterers.
Leaf volume fraction is zero. Wood moisture content is 80% and the temperaturc is 1°C

representing the winter season.
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Figure 21. Effective loss factor of a sparse hardwood vegetation environment with the wood

grain perpendicular to the electric field polarization. The three curves represent the highest,

middle and lowest extremes of the volume fraction of the embedded scatterers. Leafl volume

fraction is zero. Wood moisture content is 80% and the temperature is 4°C represcnting the
winter season.
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Figure 22. Effective permittivity of a dense hardwood vegetation environment with the
wood grain perpendicular to the electric field polarization. The three curves represent the
highest, middle and lowest extremes of the volume fraction of the embedded scatterers.
Leaf volume fraction is zero. Wood moisture content is 80% and the temperature is 4°C

representing the winter season.
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Figure 23. Effective loss factor of a dense hardwood vegetation environment with the wood

grain perpendicular to the electric field polarization. The three curves represent the highest,

middle and lowest extremes of the volume fraction of the embedded scatterers. Leaf volume

fraction is zero. Wood moisture content is 80% and the tempcrature is 4°C representing the
winter season.
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normal foliage are between 3.8E-5 and 9.8E-4. The effective permittivities for the normal to
moderately dense volume fraction foliage from figure 23 are between 5.9E-4 to 3.3E-3; while
for moderately dense to extremely dense foliage the values vary between 1.3E-3 and 9.6E-3,

depending on the frequency of the incident radiation.

Another notable occurrence that can be observed from figures 20 through 23 is the lack of
a drastic change in the effective parameters attributable to the leafless state of hardwood
vegetation in winter. Variation from the summer to winter data can be observed as a slight
increase in the magnitude of the loss factor of the hardwood vegetation in the winter for
incident radiation frequencies from 400MHz to 3.2GHz. For all other frequencies the values
are essentially equivalent. The small volume fraction of leaves coupled with the behavior of
the dielectric constants of wood and leaves combine to yield this result. The assumption of
a leaf volume fraction that is 10% of the total volume fraction may not be consistent for all
vegetation and could conceivably change this outcome. The lack of an effect by the presents
of leaves on the propagation through foliage of electromagnetic waves having frequencies
greater than 3.2GHz is documented in the literature [Brown 82]. It should be noted here
that, for practical applications, the effective parameters calculated herein will only apply to
the specific case described in the figure caption and are only as accuraie as the values used

for the dielectric constants of the embedded scatterers.

4.1.3 Hard Wood With Randomly Oriented Electric Field at 25°C

Figures 24 and 25 depict the effective permittivity and loss factor of a sparse foliage
medium composed of hardwood vegetation at 25°C, with the wood grain randomly oriented
with respect to the electric field, respectively. The random orientation of the wood grain
with respect to the electric field polarization makes the values in these figures applicable to
the propagation of electromagnetic waves through the canopies of mature forests or through
brush or young vegetation, where the majority of wood grain is randomly oriented with

respect to the electric field. The temperature (25°C) is representative of the summer season.

The permittivity in figure 24 does not vary versus the frequency of the incident radiation.

In fact, the magnitude of the permittivity does not differ appreciably from the values
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Figure 24. Effective permittivity of a sparse hardwood vegetation environment with the
wood grain randomly oriented with respect to the electric field polarization. The three
curves represent the highest, middle and lowest extremes of the volume fraction of the
embedded scatterers. Leaf salinity is 6% and leaf moisture content 65% for all values.
Wood moisture content is 80% and the temperature is 25°C representing the summer

season.
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Figure 25. Effective loss factor of a sparse hardwood vegetation environment with the wood
grain randomly oriented with respect to the electric field polarization. The three curves
represent the highest, middle and lowest extremes of the volume fraction of the embedded
scatterers. Leaf salinity is 6% and leaf moisture content 65% for all values. Wood moisture
content is 80% and the temperature is 25°C representing the summer scason.
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reported for the wood grain perpendicular to the electric field with all other conditions
constant. It could therefore be assumed that the volume fraction of the embedded
scatterers is the primary determinant in the calculation of the effective permittivity and not
the dielectric constants of the embedded scatterers. The values for the permittivity given in
figure 24 give a permittivity between 1.0003 and 1.0029 for extremely sparse to sparse
foliage, and 1.003 to 1.029 for sparse to normal vegetation, confirming the consistency of the

permittivity regardless of wood type or electric field orientation.

The loss factors versus the frequency for the same conditions as those used in the
development of figure 24 are shown in figure 25. Curve trends are different than those in
the curves depicting the effective loss factors versus frequency when the wood grain
orientation is perpéndicular to the electric field. Showing that, although a great dependence
still exists on the volume fraction, the effective loss factor is also influenced by the wood
grain orientation with respect to the electric field polarization. The curve trend does reflect
the same pattern as that of the major embedded scatterer (hardwood ) as can be seen be a
comparison to figure 7. For the frequency range in this study, the effective loss factors
describing the effects on an electric field propagating through a hardwood vegetation
environment when the wood grain is randomly oriented with respect to the electric field
polarization, appear to be less than the effective loss factors when the electric field
polarization is perpendicular to the wood grain. The calculated effective loss factors for the
extremely sparse to sparse foliage range between 1.8E-6 and 4.6E-5 and, between 1.7E-5 and
4.9E-4 for sparse to normal volume fraction foliage depending upon the incident radiation

frequency.

Figures 26 and 27 depict the effective permittivity and loss factor of a dense foliage
medium for the same conditions as those used to develop figures 24 and 25, respectively.
The permittivities shown in figure 26 show little variation versus the frequency and little
variation from the permittivities of dense vegetation for all conditions examined to this
point. The permittivities do vary as the volume fraction changes from values of 1.028 to
1.062 for normal to dense foliage (1.0% to 2.0%), to 1.058 to 1.167 for dense to extremely
dense foliage (2.0% to 5.0%).
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Figure 26. Effective permittivity of a dense hardwood vegetation environment with the
wood grain randomly oriented with respect to the electric field polarization. The three
curves represent the highest, middle and lowest extremes of the volume fraction of the
embedded scatterers. Leaf salinity is 6% and leaf moisture content 65% for all valucs,
Wood moisture content is 80% and the temperature is 25°C representing the summer
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Figure 27. Effective loss factor of a dense hardwood vegetation environment with the wood
grain randomly oriented with respect to the electric field polarization. The three curves
represent the highest, middle and lowest extremes of the volume fraction of the embedded
scatterers. Leaf salinity is 6% and leaf moisture content 65% for all values. Wood moisture
content is 80% and the temperature is 25°C representing the summer season.
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Figure 27 contains plots of the effective loss factors of a dense foliage medium for the
same conditions as figure 26. Again it is apparent that the effective loss factor will have the
same tendencies over frequency as the major embedded scatterer, similar to the trend
exhibited by the previous effective loss factor curves. The variation with respect to the
volume fraction of embedded scatterers is again pronounced varying from 3.5E-4 to 2.1E-3
for normal to dense foliage, to 1.0E-3 to 6.4E-3 for dense to dense foliage, depending on the

incident radiation frequency.

4.1.4 Hard Wood With Randomly Oriented Electric Field at 4°C

Figures 28 through 31 present the results of the calculation of the effective complex
dielectric constants of a foliage medium for the same conditions as those used in the
determination of figures 24 through 27, respectively. The only difference being an ambient
air temperature of 4°C for figures 28 to 31 rather than 25°C for figures 24 through 27. The
4°C value is intended to be representative of the winter season. Observation of figures 28
through 31 reveals that there is no appreciable difference in the effective permittivity of
hardwood vegetation in the summer and winter seasons with random wood grain orientation
with respect to the electric field; while the effective loss factor exhibits minimal variations
with respect to frequency from the summer to winter season for this case. Therefore, the
conclusion that large variations in the dielectric constants of the embedded scatterers are
necessary to produce even minimal effects on the effective parameters when the volume
fractions are low is true regardless of the electric field orientation. Similar to the effective
loss factors at 25°C the values of the loss factors, when the wood grain is randomly oriented
with respect to the electric field polarization, are generally less than those when the electric
field polarization is perpendicular to the wood grain. Therefore, the wood grain orientation
relative to the electric field polarization will affect the values of the effective loss factors

regardless of the air temperature.

The effective permittivities for the extremely sparse to sparse volume fraction foliage

(0.01% to 0.1%) from figure 28 are between 1.0003 and 1.0029; while the effective
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Figure 28. Effective permittivity of a sparse hardwood vegetation environment with the
wood grain randomly oriented with respect to the electric field polarization. The three
curves represent the highest, middle and lowest extremes of the volume fraction of the

embedded scatterers. Leaf volume fraction is zero. Wood moisture content is 80% and the

temperature is 4°C representing the winter season.
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Figure 29. Effective loss factor of a sparse hardwood vegetation environment with the
wood grain randomly oriented with respect to the electric field polarization. The three
curves represent the highest, middle and lowest extremes of the volume fraction of the
embedded scatterers. Leaf volume fraction is zero. Wood moisture content is 80% and the
temperature is 4°C representing the winter season.
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Figure 30. Effective permittivity of a dense hardwood vegetation environment with the
wood grain randomly oriented with respect to the electric field polarization. The three
curves represent the highest, middle and lowest extremes of the volume fraction of the

embedded scatterers. Leaf volume fraction is zero. Wood moisture content is 80% and the
temperature is 4°C representing the winter season.
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Figure 31. Effective loss factor of a dense hardwood vegetation environment with the wood
grain randomly oriented with respect to the electric field polarization. The three curves
represent the highest, middle and lowest extremes of the volume fraction of the embedded
scatterers. Leaf volume fraction is zero. Wood moisture content is 80% and the
temperature is 4°C representing the winter season.
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permittivities of sparse to normal foliage are between 1.003 and 1.030. The effective
permittivities for the normal to dense volume fraction foliage (1.0% to 2.0%) from figure 30
are between 1.028 to 1.062; while for dense to extremely dense foliage (2.0% to 5.0%) the
values vary between 1.058 and 1.167.

The effective loss factors for the extremely sparse to sparse volume fraction foliage from
figure 29 are between 3.7E-6 and 9.2E-5; while the effective permittivities of sparse to
normal foliage are between 3.8E-5 and 9.8E-4. The effective permittivities for the normal
to moderately dense volume fraction foliage from figure 31 are between 4.0E-4 to 2.1E.3;
while for moderately dense to extremely dense foliage the values vary between 9.2E-4 and

4.0E-3, depending on the incident radiation frequency.

4.2 Effective Dielectric Constants of Soft Wood Vegetation

Section 4.2 contains the results of the calculation of the effective complex dielectric
constants of foliage media comprised of softwood type vegetation. The plots are created
using the same conditions as those used in the development of figures 16 through 31, but use
the dielectric constants of softwood foliage as embedded scatterers. The same four
conditions used for the hardwood plots are repeated for the softwood s. The effects of
temperature, wood grain orientation to the electric field, and volume fraction are again

demonstrated.

4.2.1 Soft Wood With Perpendicular Electric Field at 25°C

Figures 32 and 33 depict the effective permittivity and loss factor of a sparse foliage
medium composed of softwood vegetation at an ambient air temperature of 25°C, with the
wood grain perpendicular to the electric field, respectively. The perpendicular orientation of
the wood grain with respect to the electric field polarization makes the values in these
figures applicable to the propagation of electromagnetic waves through the trunks or stalks

of trees, or through brush or young vegetation, where the majority of wood grain is
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Figure 32. Effective permittivity of a sparse softwood vegetation environment with the
wood grain perpendicular to the electric field polarization. The three curves represcut the
highest, middle and lowest extremes of the volume fraction of the embedded scattcrers.
Leaf salinity is 6% and leaf moisture content 65% for all values. Wood moisture content is

140% and the temperature is 25°C representing the summer season.
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Figure 33. Effective loss factor of a sparse softwood vegetation environment with the wood

grain perpendicular to the electric field polarization. The three curves represent the highest,

middle and lowest extremes of the volume fraction of the embedded scatterers. Leaf salinity

is 6% and leaf moisture content 65% for all values. Wood moisture content is 140% and the
temperature is 25°C representing the summer season.
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perpendicular to the electric field. The temperature (25°C) is representative of the summer

season.

The effective permittivity shown in figure 32 varies little in the frequency range over
which the calculations are done which is the expected result [Golden 78] [Tamir 82] [Ulaby
82]. Variation of the effective permittivity with respect to the volume fraction of embedded
scatterers, however, is again quite prominent. Close observation reveals that the effective
permittivity of the softwood is slightly smaller than that of the hardwood with all other
conditions constant. The overall magnitude of the effective permittivity is surprisingly
consistent with that shown in figure 16, depicting the permittivity of hardwood foliage for
the same conditions. This further substantiates the claim that the volume fraction of the
embedded scatterers will be the dominant factor in the determination of the effective
permittivity. The effective permittivities for the extremely sparse to sparse volume fraction
foliage (0.01% to 0.1%) from figure 32 are between 1.0003 and 1.0029; while the effective

permittivities of sparse to normal foliage are between 1.003 and 1.029.

The variation in the effective loss factor versus frequency is shown in figure 33. The
deviation in these values over frequency again appears to mimic the behavior of the
dielectric constants of the softwood embedded scatterers (see figure 5) for the same
frequency interval. The variation of the effective loss factor with respect to the volume
fraction of embedded scatterers is pronounced and as expected increases as the volume
fraction increases. Comparison of the effective loss factors of the hardwood , shown in
figure 17, and the softwood vegetation demonstrates that they are markedly different in
magnitude. The effective loss factors of the softwood vegetation are consistently lower
than those of its hardwood counterpart, establishing that the effective loss factor is not
only dependent upon the volume fraction of embedded scatterers but also on the complex
dielectric constant of theses scatterers. The effective loss factors of the extremely sparse
volume fraction foliage are between 1.8E-6 and 4.6E-5; while the effective loss factors of
sparse to normal volume fraction foliage are between 1.7E-5 and 4.9E-4, depending upon the

frequency of the incident radiation.
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Figures 34 and 35 depict the effective permittivity and loss factor of a dense foliage
medium for the same conditions as thcse used to develop figures 32 and 33, respectively.
The permittivities shown in figure 34 shows little variation versus frequency demonstrating
that the effective permittivities do not change appreciable over the frequency range reported
here regardless of the volume fraction of the embedded scatterers and regardless of wood
type. The permittivities do, however, vary markedly as the volume fraction changes from
values of 1.029 to 1.060 for normal to dense foliage (1.0% to 2.0%), to 1.058 to 1.161 for
dense to extremely dense foliage (2.0% to 5.0%). The effective permittivities here are

consistent with those in figure 32.

Figure 35 contains plots of the effective loss factors of a dense foliage medium for the
same conditions as figure 34. From the curve it can be' observed that the effective loss
factor will have the same tendencies over frequency as the major embedded scatterer, similar
to the trend exhibited by all of the effective loss factor curves. The variation with respect
to the volume fraction of embedded scatterers is again pronounced varying from 1.8E-4 to
1.0E-3 for normal to dense foliage, to 3.7E-4 to 3.1E-3 for dense to dense foliage, depending
on the incident radiation frequency. These values are consistently lower than those of figure

19 containing the effective loss factors of hardwood vegetation for similar conditions.

4.2.2 Soft Wood With Perpendicular Electric Field at 4°C

Figures 36 through 39 present the results of the calculation of the effective complex
dielectric constants of a foliage medium for the same conditions as those used in the
determination of figures 32 through 35, respectively. The only difference being an ambient
air temperature of 4°C for figures 36 to 39 rather than 25°C for figures 32 through 35. The
4°C value is intended to be representative of the winter season. Comparison of figures 36
through 39 to the corresponding plots in figures 32 to 35 reveals that there is no appreciable
difference in the effective permittivity of forest environments for these conditions in winter
and summer. The effective loss factor exhibits only slight changes in magnitude versus the

frequency for the winter versus summer season. This is similar to the findings for the
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Figure 34. Effective permittivity of a dense softwood vegetation environment with the
wood grain perpendicular to the electric field polarization. The three curves represent the
highest, middle and lowest extremes of the volume fraction of the embedded scatterers.
Leaf salinity is 6% and leaf moisture content 65% for all values. Wood moisture conteunt is
140% and the temperature is 25°C representing the summer season.
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Figure 35. Effective loss factor of a dense softwood vegetation environment with the wood

grain perpendicular to the electric field polarization. The three curves represent the highest,

middle and lowest extremes of the volume fraction of the embedded scatterers. Leaf salinity

is 6% and leaf moisture content 65% for all values. Wood moisture content is 140% and the
temperature is 25°C representing the summer season.
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Figure 36. Effective permittivity of a sparse softwood vegetation environment with the
wood grain perpendicular to the electric field polarization. The three curves represent the
highest, middle and lowest extremes of the volume fraction of the embedded scatterers.
Leaf salinity is 6% and leaf moisture content 65% for all vaiues. Wood moisture content is

140% and the temperature is 4°C representing the winter season.
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Figure 37. Effective loss factor of a sparse softwood vegetation environment with the wood

grain perpendicular to the electric field polarization. The three curves represent the highest,

middle and lowest extremes of the volume fraction of the embedded scatterers. Leaf salinity

is 6% and leaf moisture content 65% for all values. Wood moisture content is 140% and the
temperature is 4°C representing the winter season.
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Figure 38. Effective permittivity of a dense softwood vegetation environment with the
wood grain perpendicular to the electric field polarization. The three curves represent the
highest, middle and lowest extremes of the volume fraction of the embedded scatterers.
Leaf salinity is 6% and leaf moisture content 65% for all values. Wood moisture content is
140% and the temperature is 4°C representing the winter season.
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Figure 39. Effective loss factor of a dense softwood vegetation environment with the wood

grain perpendicular to the electric field polarization. The three curves represent the highest,

middle and lowest extremes of the volume fraction of the embedded scatterers. Leaf salinity

is 6% and leaf moisture content 65% for all values. Wood moisture content is 140% and the
temperature is 4°C representing the winter season.
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hardwood vegetation. Overall the effective loss factors of the softwood vegetation with an
air temperature of 4°C is less than the effective loss factors of hardwood vegetation at the

same temperature, which is consistent with the findings at 25°C.

The effective permittivities for the extremely sparse to sparse volume fraction foliage
(0.01% to 0.1%) from figure 36 are between 1.0003 and 1.0029; while the effective
permittivities of sparse to normal foliage are between 1.003 and 1.029. The effective
permittivities for the normal to dense volume fraction foliage (1.0% to 2.0%) from figure 38
are between 1.029 to 1.060; while for dense to extremely dense foliage (2.0% to 5.0%) the
values vary between 1.059 and 1.162.

The effective loss factors for the extremely sparse to sparse volume fraction foliage from
figure 37 are between 1.8E-6 and 4.9E-5; while the effective permittivities of sparse to
normal foliage are between 1.7E-5 and 5.1E-4. The effective permittivities for the normal to
moderately dense volume fraction foliage from figure 39 are between 1.8E-4 to 1.1E-3; while
for moderately dense to extremely dense foliage the values vary between 3.8E-4 and 3.2E-3,

depending upon the incident radiation frequency.

4.2.3 Soft Wood With Randomly Oriented Electric Field at 25°C

Figures 40 and 41 depict the effective permittivity and loss factor of a sparse foliage
medium composed of softwood vegetation at 25°C, with the wood grain randomly oriented
with respect to the electric field, respectively. The random orientation of the wood grain
with respect to the electric field polarization makes the values in these figures applicable to
the propagation of electromagnetic waves through the canopies of mature forests or through
brush or young vegetation, where the majority of wood grain is randomly oriented with

respect to the electric field. The temperature (25°C) is representative of the summer season.
The permittivity in figure 40 does not vary much versus the frequency of the incident

radiation. In fact, the magnitude of the permittivity does not differ appreciably from the

values reported for the wood grain perpendicular to the electric field with all other variables
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Figure 40. Effective permittivity of a sparse softwood vegetation environment with the
wood grain randomly oriented with respect to the electric field polarization. The three
curves represent the highest, middle and lowest extremes of the volume fraction of the
embedded scatterers. Leaf salinity is 6% and leaf inoisture content 65% for all values.
Wood moisture content is 140% and the temperature is 25°C representing the summer

season.
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Figure 41. Effective loss factor of a sparse softwood vegetation environment with the wood
grain randomly oriented with respect to the electric field polarization. The three curves
represent the highest, middle and lowest extremes of the volume fraction of the embedded
scatterers. Leaf salinity is 6% and leaf moisture content 65% for all values. Wood moisture
content is 140% and the temperature is 25°C representing the summer scason.
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constant. It seems that the volume fraction of the embedded scatterers is the primary
determinant in the calculation of the effective permittivity of a foliage environment
regardless of the type of vegetation composing the medium. The values for the permittivity
given in figure 40 give a permittivity between 1.0003 and 1.0029 for extremely sparse to
sparse foliage, and 1.003 to 1.030 for sparse to normal vegetation, confirming the

consistency of the permittivity regardless of wood type or electric field orientation.

The effective lass factors versus the frequency for the same conditions as those used in the
development of figure 40 are shown in figure 41. Curve trends are different than those in
the curves depicting the effective loss factors versus frequency when the wood grain
orientation is perpendicular to the electric field, showing that, although a great dependence
still exists on the volume fraction, the effective loss factor is also influenced by the wood
grain orientation with respect to the electric field polarization. For the frequency range of
interest in this study, the effective loss factors describing the effects on an electric field
propagating through a softwood vegetation environment when the wood grain is randomly
oriented with respect to the electric field polarization, appear to be greater than the
corresponding effective loss factors when the electric field polarization is perpendicular to the
wood grain. These curves are similar in magnitude and this conclusion could be effected by
changes in the magnitude of the dielectric constants used for the embedded scatterers or
changes in the leaf volume fraction ratio. The loss factor curves trends do reflect the same
pattern as that of the major embedded scatterer (softwood ) as can be seen be a comparison
to figure 5. The effective loss factor values for softwood vegetation and random electric
field orientation are consistently lower than those of hardwood vegetation with the same
electric field orientation. They are relatively closer in magnitude than those of hard and
softwood vegetation when the electric field is perpendicular to the wood grain. The
calculated effective loss factors for the extremely sparse to sparse foliage range between
2.0E-6 and 6.9E-5 and, between 1.8E-5 and 7.3E-4 for sparse to normal volume fraction

foliage depending upon the incident radiation frequency.

Figures 42 and 43 depict the effective permittivity and loss factor of a dense foliage

medium for the same conditions as those used to develop figures 40 and 41, respectively.
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12 Effective permittivity versus frequency
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Figure 42. Effective permittivity of a dense softwood vegetation environment with the
wood grain randomly oriented with respect to the electric field polarization. The three
curves represent the highest, middle and lowest extremes of the volume fraction of the

embedded scatterers. Leaf salinity is 6% and leaf moisture content 65% for all values.

Wood moisture content is 140% and the temperature is 25°C representing the summer

season.
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Effective loss factor versus frequency
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Figure 43. Effective loss factor of a dense softwood vegetation environment with the wood
grain randomly oriented with respect to the electric field polarization. The three curves
represent the highest, middle and lowest extremes of the volume fraction of the embedded
scatterers. Leaf salinity is 6% and leaf moisture content 65% for all values. Wood moisture
content is 140% and the temperature is 25°C representing the summer season.




The permittivities shown in figure 42 shows little variation versus the frequency and little
variation from the permittivities of sparse vegetation of all conditions examined to this
point. The permittivities do vary as the volume fraction changes from values of 1.029 to
1.062 for normal to dense foliage (1.0% to 2.0%), to 1.059 to 1.167 for dense to extremely
dense foliage (2.0% to 5.0%).

Figure 43 contains plots of the effective loss factors of a dense foliage medium for the
same conditions as figure 42. Again it is apparent that the effective loss factor will have the
same tendencies over frequency as the major embedded scatterer, similar to the trend
exhibited by the previous effective loss factor curves. The variation with respect to the
volume fraction of embedded scatterers is again pronounced varying from 2.0E-4 to 1.6E-3
for normal to dense foliage, to 4.2E-4 to 4.7E-3 for dense to dense foliage, depending on the
incident radiation frequency. These values are consistently lower than those of hardwood

vegetation with similar parameters.

4.2.4 Soft Wood With Randomly Oriented Electric Field at 4°C

Figures 44 through 47 present the results of the caleulation of the effective complex
dielectric constants of a foliage medium for the same conditions as those used in the
determination of figures 40 through 43, respectively, the only difference being the ambient
air temperature of 4°C for figures 44 to 47 rather than 25°C for figures 40 through 43. The
4°C value is intended to be representative of the winter season. Observation of figures 44
through 47 reveals that there is no appreciable difference in the effective permittivity of
softwood vegetation in the summer and winter seasons, while the effective loss factor
exhibits some variations with respect to frequency from the summer to winter season. This
leads to the previously revealed assertion that large variations in the dielectric constants of
the embedded scatterers are necessary to produce even minimal effects on the effective
parameters when the volume fractions are low. Again, similar to the effective loss factors of
softwood environments at 25°C, the effective loss factors when the wood grain is randomly

oriented with respect to the electric field polarization are generally greater than the
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Figure 44. Effective permittivity of a sparse softwood vegetation environment with the
wood grain randomly oriented with respect to the electric field polarization. The three
curves represent the highest, middle and lowest extremes of the volume fraction of the
embedded scatterers. Leaf salinity is 6% and leaf moisture content 65% for all values.
Wood moisture content is 140% and the temperature is 4°C representing the winter season.
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Figure 45. Effective loss factor of a sparse softwood vegetation environment with the wood
grain randomly oriented with respect to the electric field polarization. The three curves
represent the highest, middle and lowest extremes of the volume fraction of the embedded
scatterers. Leaf salinity is 6% and leaf moisture content 65% for all values. Wood moisture
content is 140% and the temperature is 4°C representing the winter season.
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Figure 46. Effective permittivity of a dense softwood vegetation environment with the
wood grain randomly oriented with respect to the electric field polarization. The three
curves represent the highest, middle and lowest extremes of the volume fraction of the
embedded scatterers. Leaf salinity is 6% and leaf moisture content 65% for all values.
Wood moisture content is 140% and the temperature is 4°C representing the winter season.
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Figure 47. Effective loss factor of a dense softwood vegetation environment with the wood
grain randomly oriented with respect to the electric field polarization. The three curves
represent the highest, middle and lowest extremes of the volume fraction of the embedded
scatterers. Leaf salinity is 6% and leaf moisture content 65% for all values. Wood moisture
content is 140% and the temperature is 4°C representing the winter scason.
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corresponding effective loss factors when the electric field polarization is perpendicular to the
wood grain. Therefore, the wood grain orientation with respect to the electric field
polarization will affect the the values of the effective loss factors regardless of temperature
or wood type. It should be noted that the effective loss factors for the perpendicular and
random orientation of the wood grain with respect to the electric field polarization are very
close in magnitude and could be affected by changes in the dielectric constants of the

embedded scatterers or leaf volume fraction ratios.

The effective permittivities for the extremely sparse to sparse volume fraction foliage
(0.01% to 0.1%) from figure 44 are between 1.0003 and 1.0029; while the effective
permittivities of sparse to normal foliage are between 1.003 and 1.030. The effective
permittivities for the normal to dense volume fraction foliage (1.0% to 2.0%) from figure 46
are between 1.029 to 1.062; while for dense to extremely dense foliage (2.0% to 5.0%) the
values vary between 1.060 and 1.167.

The effective loss factors for the extremely sparse to sparse volume fraction foliage from
figure 45 are between 2.2E-6 and 6.7E-5; while the effective permittivities of sparse to
normal foliage are between 2.0E-5 and 7.1E-4. The effective permittivities for the normal
to moderately dense volume fraction foliage from figure 47 are between 2.1E-4 to 1.5E-3;
while for moderately dense to extremely dense foliage the values vary between 4.6E-4 and

4.6E-3, depending on the incident radiation frequency.

5.0 Conclusion

There was good agreement between the ATA, CPA, and EMA approximation methods
used in this study to determine the effective parameters to describe the scattering and
absorption of electromagnetic radiation by foliage environments. The relatively small
volume fractions (< 5.0%) of vegetation matter in a forest environment is the major factor
for the agreement between the approximation methods. As previously stated, the
approximations concurred with the expected values found in the literature below the 5.0%
volume fraction level, but began to significantly differ as the volume fraction increased

above 5.0%. Fortunately, volume fractions of vegetation much above this 5.0% threshold

98




are considered unrealistic. The results obtained from the Modified ATA approximation
were consistently higher than the other approximation methods. The large disparity
between the dielectric constants of the host medium and the embedded scatterers could be
the cause of the erroneous behavior. Therefore, the calculation of the effective parameters
of a heterogeneous medium using the MOD_ATA method is limited to media whose
embedded scatterer dielectric constants are close in magnitude to the dielectric constant of
the host medium. From this assumption, the MOD _ATA method will not provide a good
approximation of the effective parameters of a foliage medium because the dielectric

constants of the embedded scatterers are much greater than the host medium of air.

Application of the ATA, CPA, and EMA approximations to determine the effective
parameters of foliage has been questioned due to the variety of shapes of the component
scatterers found in a vegetation medium. Whether this is accurate or not can only be
established by experimental verification of the values presented herein, the values given in
this report are consistent with the range of values that are presently reported in the
literature for foliage media [Tamir 67] [Ulaby 82] [Broadhurst 71]. Precise verification of all
of the effective parameters reported in this paper is difficult at the present time because of
the lack of measurements describing the effective dielectric constants of forest environments

or forest components.

Several findings have been established using the approximation methods to determine the
effective parameters of a vegetation environment. The primary conclusion would be the
establishment of values that can be used to determine the effect on the magnitude of an
electric field propagating through a vegetation environment by representing the vegetation
environment as a homogeneous dielectric slab. Although the values of the effective
parameters did vary depending upon the dielectric constant of the foliage components,
temperature, and wood grain orientation with respect to the electric field polarization, all
values were within a certain range of values and varied primarily as a function of the
volume fraction of embedded scatterers. It should be kept in mind that the dielectric
constants of the embedded scatterers (wood, leaves, needles, etc.) were determined by the
use of models and veriﬁed. by comparison to experimental data. Therefore, the effective
parameters presented here will only be as good as the models used to determine these

values. Should a large discrepancy exist between the dielectric constants used for the
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embedded scatterers in this report the the dielectric constants of the embedded scatterers of
interest, recalculation of the effective parameters may be necessary. The changes in the
dielectric constants of the component scatterers would probably have to be an order of
magnitude or more to substantially affect the calculated effective dielectric constants since it
is the volume fraction that will be the most decisive factor in the effective parameter
determination. The effective permittivities of a vegetation medium were found to vary from
1.0003 to 1.2 for extremely sparse to extremely dense foliage, respectively. The effective loss
factors of a vegetation medium were found to vary between 1.8E-6 and 9.9E-3 for extremely
sparse to extremely dense foliage, respectively. The calculated effective permittivity of a
normal volume fraction foliage environment (1.0% total volume fraction) was approximately
1.03 for all conditions. The effective loss factor, while more variant depending on the
conditions, could be approximated by 5.0E-4 for the normal volume fraction foliage. The
effective parameters calculated using the approximations methods in this report are all
within the 1.01 to 1.5 and 1E-3 to 1E-5 reported in literature for the effective permittivity

and conductivity of a vegetation environment [Tamir 67].

The effective permittivity was generally consistent for all cases considered in this study.
There was a slight tendency for the permittivities of the softwood vegetation to be greater
than that of hardwood vegetation under the same conditions. There was only a slight
dependence of the permittivity on temperature with the winter values being slightly greater
than the summer values. The values when the wood grain was randomly oriented with
respect to the electric field polarization were somewhat greater the those of the
perpendicular values. The differences attributable to temperature, vegetation composition
and wood grain orientation were extremely small and should not be completely accepted

without experimental verification.

In general, the values of the effective loss factors calculated in this study for vegetation
composed of softwood were consistently smaller than those of foliage composed of hardwood
with all conditions held constant. The values for the winter season were consistently smaller
than those in the summer season. Values where the wood grain was perpendicular to the

electric field polarization were greater than or equal to the randomly oriented wood grain
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values. The differences in the effective loss factors versus the temperature and wood grain
orientation were extremely small and may not be constant for all types of vegetation. The
loss factors of the softwood vegetation, with random orientation of the wood grain with
respect to the electric field polarization, are much smaller relative to the loss factors of
hardwood vegetation with similar electric field orientation than the loss factors of the
softwood vegetation with perpendicular orientation to the electric field are to the loss
factors of the hardwood vegetation with perpendicular electric field orientation. The major
contributor to the varying of the effective loss factors of the vegetation media is the volume
fraction of the embedded scatterers or foliage density. Unlike the permittivity, however,
there is some dependence on the dielectric constant of the embedded scatterers. This effect
is not very pronounced at the small volume fractions necessary in the modeling of natural

foliage.

It should be noted that the effective parameters calculated in this report were determined
for specific volume fractions, temperatures, foliage compositions, and leaf to wood ratios.
No attempt was made to determine the effects of varying moisture content, salinity, wood
to leaf ratios, or below freezing temperatures; conditions that could be of concern. These
variations could be the focus of further study. It is recommended that further theoretical
studies be undertaken to verify the use of the effective parameters in describing the
propagation of electromagnetic radiation through foliage environments. An experimental
study that could determine, say, the skin depth penetration could also be done and used to

verify the theoretical results.
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